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By the use of Ross’ method of balanced foils and a 
modification of the 90° scattering method, the polarization 
of the portion of the continuous x-ray spectrum between 
the K limits of tantalum and tungsten has been measured 
for targets of aluminum foil (0.74) and silver foil (0.17,), 
at voltages from the quantum limit up to 120 kv. For 
both elements, the polarization is complete at the quantum 
limit, and decreases as the tube voltage is raised above the 


INTRODUCTION 


HE problem under consideration is to de- 
termine the form of the polarization iso- 
chromats for the continuous x-rays produced 
from a thin target. Previous experiments in this 
field have been very scarce. Duane! made meas- 
urements on the polarization of x-rays produced 
when a stream of mercury vapor was bombarded 
with low voltage electrons, and Dasannacharya? 
made measurements on the polarization of x-rays 
from targets of aluminum foil, which, though 
thin, were not thin enough to be called thin 
targets for the purpose of this experiment. In 
neither of these experiments was any attempt 
made to isolate a given wave-length, or band of 
wave-lengths, but measurements were made on 
the entire spectrum. Kulenkampff,’ using targets 
of aluminum 0.6 micron thick and making use 
of Ross’ method of balanced foils‘ to isolate a 
1 Duane, Proc. Nat. Acad. Sci. 15, 805 (1929). 
* Dasannacharya, Phys. Rev. 35, 129 (1930); also 36, 
1675 (1930). 


* Kulenkampff, Physik. Zeits. 30, 514 (1929) 
‘Ross, J. Opt. Soc. Am. 16, 433 (1928). 


quantum voltage for the spectrum band. The decrease is 
more rapid for silver than for aluminum, and in the case 
of the latter the decrease is greater than that predicted by 
Sommerfeld. A method is described whereby the finite 
thickness of the target may be taken into account. The 
resulting correction, however, is too small to account for 
the discrepancy between theory and experiment. 


narrow band of wave-lengths, found the polariza- 
tion to be complete at the quantum limit, 
becoming less as the voltage was raised. Kulen- 
kampff’s data were taken for two wave-length 
bands (Ag—Cd and Cd—Sn) and at three 
different voltages, from near the quantum limit 
up to 37.8 kv. 

For the purposes of experiments on polariza- 
tion, a thin target should be one in which the 
electrons in the cathode-ray beam are not 
deflected from their original direction before 
they produce x-rays. The present experiment 
was done with aluminum foil 0.7 micron thick, 
but with a wave-length band (Ta—W) for which 
the quantum limit is in the neighborhood of 
70 kv, so that the approximation to thin target 
conditions should be much better than in Kulen- 
kampff’s work. Results were also obtained with 
targets of silver foil 0.17 micron thick. 


THEORY 


So far no theory has been devised which is 
strictly applicable to the conditions of this 
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Fic. 1. Diagram of the experimental arrangement. 
experiment. Sommerfeld’ has worked out a 
quantum-mechanical theory of the continuous 
spectrum, and gets the curve in Fig. 2 for the 
variation of polarization with wave-length, for 
a voltage equal to the quantum voltage of one 
of the bands used by Kulenkampff. This curve is 
constructed for the case in which (Vx«/V)! 
approaches zero, and takes no account of rela- 
tivity. Sommerfeld’s theory also indicates that 
the polarization at the quantum limit should be 
very nearly complete when the target is of low 
atomic number and the voltage is high. For 
targets of high atomic number and low voltages, 
the polarization at the quantum limit, it is 
indicated, could be as low as 60 percent. Y. 
Sugiura® has also worked out a quantum- 
mechanical theory of polarization according to 
which the polarization can never exceed 85 
percent. 


EXPERIMENTAL ARRANGEMENT 
An x-ray tube was designed and built which 
was thought to be especially suited to the de- 
mands of the experiment. Fig. 1 shows the 
principal features of the arrangement. The target 
T is in the center of a square brass box which 
has long windows of 0.005 cm aluminum on two 
sides. These windows allow two beams of x-rays 
to emerge and strike the scatterer S, which is a 
surface of revolution coaxial with the target and 
cathode of the tube. The two long windows allow 
the use of an unusually wide beam, which is very 
desirable on account of the low intensity. Rays 
scattered from S at approximately 90° enter the 
ionization chamber J, and a small portion of 
the direct beam goes through a hole in the 
scatterer into the ionization chamber J,. If 
the scatterer were a zone of the sphere having T 

5 Sommerfeld, Ann. d. Physik 11, 257 (1931). 


® Sugiura, Sci. Pap. Inst. Phys. Chem. Res. Tokyo 17, 
89 (1931). 
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Fic. 2. Polarization of Ta — W band from thin aluminum. 


and the window of J; at the ends of its diameter, 
then all rays entering J, would be the products of 
90° scattering. Since it is necessary, however, to 
use finite sized windows and focal spots, and a 
finite amount of scattering material, the scatterer 
was made in the shape of a frustum of a cone; 
with this arrangement it turned out that about 
1000 cubic centimeters of scattering material 
could be used, while the scattering angle ranged 
between 87° and 93°. 

The ionization chamber J, is a cylinder 5 cm 
in diameter and 20 cm long, with a window of 
thin steel in one end. The collector is a brass rod 
which is connected to a Compton electrometer. 
The ionization chamber J, is a cylinder 18 cm 
in diameter and 20 cm long, and has a thin 
bronze window 6 cm X12 cm. The collector is a 
thin brass rod which runs along the axis of 
the chamber, and connects by a very short lead 
with the needle of a Hoffmann electrometer. 
The dimensions of the collector and lead are 
kept as small as possible in order to make their 
capacitance small. Both ionization chambers are 
filled with methyl iodide at a pressure of about 
15 cm of mercury, and are equipped with electro- 
magnetic shutters. The readings taken were the 
ballistic deflections of the electrometers when 
the shutters were open for a definite time, which 
was controlled by a master clock and photo- 
electric relay. 

The ionization chamber J, receives the direct, 
or unscattered, radiation, and hence measures 
the intensity of the x-ray beam. The chamber /: 
receives only that component which is polarized 
with its electric vector perpendicular to the 
cathode-ray beam. Since for completely polarized 
x-rays the electric vector is in the plane of the 
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POLARIZATION OF 


cathode-ray beam, this is a null method for 
complete polarization. For incomplete polariza- 
tion, the system has to be calibrated. This was 
done by substituting a thick target for the thin 
ones and making use of the results obtained by 
Cheng’ for the polarization of thick-target radia- 
tion. If we call X the intensity of the component 
whose electric vector is in a plane containing 
the cathode rays, and Y the intensity of the com- 
ponent whose electric vector is perpendicular 
thereto, the polarization is 


P=(X—Y)/(X—Y)=1-2Y/(X+Y). (1) 


Since Y is measured by J2, and X+ Y by J,, this 
may be written 


P=1-—mR,/R, (2) 


in which R; and R, are the readings for J; and Jo, 
respectively. The factor m was evaluated by 
making measurements on radiation of known 
polarization,’ namely, the Ta—W band from 
thick aluminum at 90 kv. 


GEOMETRIC CORRECTIONS 


The ionization produced in J, is not an exact 
measure of the intensity of the component of the 
x-ray beam polarized perpendicularly to the 
cathode-ray stream because of the finite sizes 
of target and window and because of the finite 
thickness of the scatterer. The error introduced 
thereby may be easily calculated. 

If the angle of scattering differs from 90° by 
the small angle a, then a portion of the com- 
ponent X will be scattered with intensity pro- 
portioned to X sin? a~Xa’*. From the dimen- 
sions of the apparatus the maximum value of a is 
Qnax = 0.06, so that 


Qmax-=0.0036, or a?~0.002. (3) 


Hence the lack of geometric perfection intro- 
duces into the measurement of Y an error of 
0.2 percent of the value of X. 

Another correction of a geometric nature is 
introduced by the fact that the observations were 
all made on a beam which makes an angle of 
105° with the cathode-ray beam, whereas the 
theoretical results are given for an angle of 90°. 
The effect of this change in the angle of observa- 





7 Cheng, Phys. Rev. 46, 243 (1934). 
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TABLE I. Effect on the polarization of a change in angle 
from 90° to 105°. 


Pe 1.000 0.800 0.600 0.400 0.200 0.000 
Prose 1.000 0.789 0.583 0.383 0.187 0.000 


tion may be approximately calculated from 
classical electromagnetic considerations. Table I 
shows the result of such a calculation. 

It happens that both of these corrections are 
small compared to the experimental errors. 


EXPERIMENTS ON THIN TARGETS 


The x-ray tube was excited by a 200 kv d.c. 
outfit which was controlled manually by an 
assistant whenever readings were to be taken. 
This outfit, and the voltmeter used with it, 
have been described previously.* Data on polar- 
ization were obtained by taking readings with 
the balanced foils alternating at several voltages 
from the quantum limit up to 120 kv. Several 
readings were taken with each foil at each 
voltage. This was especially necessary in the 
case of the scattered radiation because of the 
relatively large statistical fluctuations resulting 
from the extremely low intensity. Table II 
shows the observed values of the polarization 
for 0.7-micron aluminum and Table III shows 
the results for 0.17-micron silver. 

These results are shown graphically in Figs. 2 
and 3. In the case of aluminum (Fig. 2), it will 
be observed that the polarization decreases with 
increasing voltage in a way similar to that 
predicted by Sommerfeld’s theory, but more 
rapidly. This is in accord with the findings of 
Kulenkampff* for longer wave-lengths. In fact, 
if the polarization is plotted as a function of 


TABLE II. Observed values of the polarization for aluminum 
of 0.7 micron in thickness. 


TUBE Tuse 

VOLTAGE (kv) POLARIZATION | VOLTAGE (kv) POLARIZATION 
70 0.95 +0.06 90 0.60 +0.08 
75 77+ .10 100 5124 .07 
80 63+ .09 120 3124 .10 


TABLE III. Observed values of the polarization for silver of 
0.17 micron in thickness. 


TuBE TUBE 

VOLTAGE (kv) POLARIZATION | VOLTAGE (kv) POLARIZATION 
69 0.89+0.05 90 0.39 +0.06 
70 83+ .06 100 3524 .06 
75 61+ .06 120 28+ .06 
80 49+ .06 


< Webster, Hansen and Duveneck, Phys. Rev. 43, 839 
(1933); H. Clark, Rev. Sci. Inst. 1, 615 (1930). 
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Fic. 3. Polarization of Ta — W band from thin silver. 


V/Vo, V being the tube voltage and V»> the 
quantum voltage for the wave-length used, there 
is extremely good agreement between Kulen- 
kampff’s experiments and those herein presented. 

As Sommerfeld’s theory does not show how to 
find the variation of polarization with voltage for 
elements of high atomic number, no comparison 
between experiment and theory can be made in 
the case of silver. It will be observed, however, 
that the experiments indicate complete polariza- 
tion at the quantum limit for both metals. 
Sommerfeld predicts a polarization at the 
quantum limit of 0.98 for aluminum and 0.85 
for silver. 


EFFECT OF FINITE TARGET THICKNESS 


An ideal thin target would be one in which no 
cathode ray suffered any change in direction 
before emitting x-rays. In any real target, how- 
ever, the electrons are diffused so that by the 
time the radiation is emitted they are going in 
various directions. The amount of this diffusion 
may be estimated from Kulenkampff’s curves® 
or from a formula given by Bothe.'® According to 
Bothe’s formula, the most probable deflection for 
the thin aluminum used in this experiment 
ranged from 6° to 11°, and for the silver from 
12° to 22°. The effect of this diffusion on the 
polarization may be calculated approximately. 
Let y (Fig. 4) be the average angle which the 
electric vector in the emitted radiation makes 
with the direction of the impinging electron, the 
average being taken in such a way that the de- 


* Kulenkampff, Ann. d. Physik 87, 597 (1928). 
10 Bothe, Handbuch der Physik, Vol. 24 (Geiger and 
Scheel). 
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polarization for an infinitely thin target is 
D,=3 tan? y. 4) 


We now let ¢ be the angle between the direction 
of motion of the impinging electron and its 
original direction. Assuming a Gaussian dis- 
tribution in angle of the diffused electrons, and 
assuming the most probable deflection (A) to be 
given by Bothe’s formula,!® we can integrate 
over all values and orientations of ¢ and over 
the thickness of the target to obtain an expression 
showing how the depolarization is modified by 
diffusion of electrons within the target. This may 
be done as follows. 

In the diffused beam of electrons, let the num- 
ber per unit solid angle be given by the two- 
dimensional form of the Gauss error equation: 


dN /dw=N o/2rd2e-?!2**, (5) 
in which No is the total number of electrons 
producing radiation, ¢ is the angle of deflection, 
and X is the most probable angle of deflection. 
The total number of electrons deflected through 
a range of angles between ¢ and ¢+4d¢ is then 


dN,=(No/d?*) sin ge~?"!?"do. (6 


In a very thin film, we may without serious error 
assume the same fraction of this number to 
produce radiation in any layer of thickness dx. 
If ¢ is the thickness of the foil, this number is 


dN5, 2=(No/td?) sin ge~*!?’*dodx (7) 


or, remembering that Xd is a function of x, as 
given by Bothe, 


dNz5, 1.=(cNo/thd) sin de~*!?*d¢gdx. (8) 


We now think of the electric vector in the 
emitted beam as making an effective angle y with 
the direction of the electron’s motion just prior 
to the collision in which the radiation is pro- 


duced. The angle @ between the electric vector 
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POLARIZATION OF X-RAYS 


and the original direction of the cathode rays is 
then (Fig. 4) found from the relation: 


cos @=cos¢@cosy+singsinycosf, (9) 


where ¢ is the dihedral angle between the planes 
containing @ and y. The component of the 
emitted radiation with electric vector parallel to 
the cathode-ray beam is then proportional to 


aco A paler 1 
X=A | f | — cos? 6 sin ge~*!2"* dgddd¢. 
“ ovo A (10) 


If we observe the radiation from the direction 
OZ (Fig. 4), the other component involved is the 
one with electric vector parallel to OY. This is 
proportional to 


A n©m pvnA 2r 1 
Yy=- | | f —sin? @ sin ge~*"!/2*dgdddé, (11) 
2 0 ’O0 0 X 


A is of course the Bothe angle for the whole film, 
and A is a constant. Substituting in (10) and (11) 
the value of cos @ from (9) gives 


co rd pvAlt 1 
raf] 
“0 0 “0 d 


+sin® @ sin® y cos? ¢+2 cos ¢ cos y sin @ 


(cos? ¢ cos? y 


sin y cos ¢) sin ge~*!?*dgddde¢, (12) 
and 


A co vA alr] 
y=- f J | sin -e~*/2¥dgdrd¢ — 4.X.(13) 
2 0 o”’o d 


Integrating with respect to ¢, 


co A 1 
X= rf f —[2 cos? y sin @-e~#/2"" 
0 0 r 


+(sin? y—2 cos? y) sin® g-e~9/2"* Jdgdd, (14) 


A ee oA or 
Y=- | | — sin g-e~%!?dgdy — 3X. (15) 
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The integration with respect to @ may be 
accomplished by using the approximation sin ¢ 
~o—¢'°/6. While it may seem a logical incon- 
sistency to make this approximation and still 
carry the integration from zero to infinity, it 
can be shown that the error introduced thereby, 
with the values of \ involved in this problem, 
is quite negligible. 


~ 
~ 
~ 


Thus we get 


A 
X=r4[ [2d cos? y+ 2A%(sin? yp 
Jo 
—(7 3) cos? y) Jdd (16) 
and 
a 
Y=r4 | (X—4d3)dA— BX, (17) 


"e@ 


These become, on integrating with respect to r, 
X =7A[A* cos? ¥+4A‘(sin? y 
— (7/3) cos* y)], (18) 


and 
Y=7rA[}A? sin? y—1}A‘4(3+sin? y 
— (7/3) cos? y)]. (19) 
The observed depolarization is then 
Y 3} tan? y—+A2((4/3) tan? y—2 
Dy= = _ (20) 
X 1+45d*(tan? y—7/3) 
D,—}A?((8/3)D,—2) 


21) 


4 


1+3A?(2D,—7/3) 


where D,=} tan? y is the depolarization for un- 
diffused electrons. If we neglect the fourth and 
higher powers of A in Eq. (21) we get the concise 
expression : 


Do=D,+43A27(1+D,—2D,?). (22) 


In Fig. 2, the modified curve was plotted by 
computing values of D, from Sommerfeld's 
theory® and computing values of Dy therefrom 
by means of Eq. (22). It will be seen that the 
correction thus introduced is not nearly sufficient 
to bridge the gap between theory and experi- 
ment. The discrepancy remaining is probably 
due, at least in part, to the fact that Sommer- 
feld’s curve is for the case where (Vx/V)! 
approaches zero, and possibly also to the fact 
that Sommerfeld’s theory neglects relativity. 
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Theoretical and experimental values of the four prop- 
erties of reflection (width of the (m, —m) rocking curve, 
percent reflection, coefficient of reflection and a factor 
determined by the shape of the (m, —m) curve) of calcite 
crystals have been compared throughout the wave-length 
ranges 0.71<\<5.83A in first order, 0.71<<2.75A in 
second order, and with wave-lengths 0.71 and 1.54A in 
third order and 0.71A in fourth and fifth orders. The 
Darwin-Ewald-Prins theory was evaluated with an at- 


I. INTRODUCTION 


F fundamental importance in x-ray spec- 

troscopy is our knowledge of crystalline 
diffraction. Recent researches with the double 
spectrometer have been concentrating on the 
contours of x-ray emission lines and absorption 
limits. The true widths of these lines and limits 
are relatively large but not so large that the 
perturbations in the observed contours due to 
the diffraction patterns of the crystals can be 
neglected. The width contribution of the crystal 
effects (with “perfect” calcite crystals) is of the 
order of 20 to 35 percent!:? of the observed 
(1, +1) width of the Ka; emission lines ; whereas 
the random observational error in recording these 
line contours is of the order of 1 percent.?: * If 
the data of these researches are to have quanti- 
tative value we must have information about 
the shapes of the crystal diffraction patterns. 

The importance of crystalline diffraction in its 
own right, in addition to its applications in 
X-ray spectroscopy, demands as much pertinent 
information as possible. 

No direct experimental approach to this infor- 
mation is known. The Darwin-Ewald-Prins 
theory‘ of crystalline diffraction predicts certain 
pattern shapes but these shapes cannot as yet 
be checked experimentally. The best we are 


* National Research Fellow. 

1L. G. Parratt, Phys. Rev. 46, 749 (1934). 

2L. G. Parratt, Rev. Sci. Inst. 6, 387 (1935). 

. A. Bearden and C. H. Shaw, Phys. Rev. 48, 18 


Darwin, Phil. Mag. 27, 315, 675 (1914); P 
Ewald, Physik Zeits. 26, 29 (1925); J. A. Prins, Zeits. f. 
Physik 63, 477 (1930); see also M. Kohler, Ann. d. Physik 
18, 265 (1933). 


tempt to correct (1) for the effects of the thermal motions 
of the atoms in the crystal and (2) for the variation of the 
atomic structure factor of calcium in the wave-length 
region of anomalous dispersion. Excellent qualitative 
agreement is found but general quantitative agreement is 


not found. The concept of mosaic structure in the crystal 


lattice is not entirely sufficient to account for the dis- 
crepancies. 


able to do is to take advantage of the zero 
dispersion of the double spectrometer in the 
so-called parallel positions and compare the 
theoretical and experimental values of the re- 
flectivities (the (n, —m) width, percent reflection, 
coefficient of reflection and the shape factor of 
the (nm, —n) curve) for these special positions of 
the crystals. If the theoretical and experimental 
values agree we have a check on the widths, 
heights and areas of the theoretical diffraction 
patterns. It should be noted, however, that this 
check is concerned with the resultant pattern of 
the two crystals in the (m, —m) positions and 
actually gives but little direct information about 
the shapes of the single crystal patterns or of 
the patterns in the (m, +m) positions. Our 
interest in the present paper is in the possibility 
of verifying in this more or less indirect manner 
the theory which predicts single crystal pattern 
shapes and from which theory the (m, +n) 
pattern shapes can be determined. 

The comparison mentioned above has been 
made previously®: ® with calcite crystals’ in first 
order reflection throughout the wave-length 
range 0.21 to 4.94A. The work of the present 
paper extends this comparison in first order to 
5.83A and includes the range of 0.71 to 2.75A in 
second order, 0.71 to 1.54A in third order, and 


S. K. Allison, Phys. Rev. 41, 1 (1932). 

*°L. G. Parratt, Phys. Rev. 41, 561 (1932). 

7M. Renninger, Zeits. f. Krist. 89, 344 (1934) has made 
this comparison at one wave-length, 1.54A, in first-order 
reflection with NaCl crystals. He finds experimental reflec- 
tivities, using small sections of the crystal area, which are 
in good qualitative agreement with the reflectivities calcu- 
lated from the Darwin-Ewald-Prins theory. Naturwiss. 
21, 334 (1934). 
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0.71A in fourth and fifth orders of reflection. 
The previous calculations have been refined in 
the sense that (1) an attempt has been made to 
determine the order of magnitude of the effects 
of the temperature motions of the atoms in the 
crystal and (2) a correction in the atomic 
structure factor of calcium has been made in the 
wave-length region of anomalous dispersion. *® 

As previously discussed,*: * a most important 
factor in the theory is the absorption of the 
x-rays in the crystals; and the greater the range 
of values of the absorption coefficient (deter- 
mined by the wave-length) the more significant 
is this comparison. The linear absorption coefh- 
cients of calcite are about 23, 1008 and 1390 at 











Fr) =} (D+iB)s" 
(1) = } | ————_—__ ~ 
1 igs" | (J—i88—2)?—[(D+iB)o-" 2}! 


This equation and its develupment are discussed 
in detail in Chapter VI of X-Rays in Theory 
and Experiment by Compton and Allison.* The 
notation in Eq. (1) is the same as that used by 
Compton and Allison except J’(/) is replaced by 
F(l). In determining the reflectivities from the 
second crystal the function (k) is used as 
defined in reference 6. &(k) is the expression for 
the theoretical (m, —m) diffraction pattern ob- 
tained by rotating the second crystal. 

We have calculated the theoretical values of 
the coefficient of reflection, the percent reflection, 
the width of the (m, —m) curve and a factor 
which is determined by the shape of the (m, —n) 
curve. The expressions for the first three prop- 
erties are derived in terms of Eq. (1) in reference 
6 and in Chapter IX of reference 9; the shape 
factor is defined in the present paper. The 
simplification, recently published by one of us,'° 
in handling Eq. (1) has made calculation con- 


_*It should be pointed out that the effects of anomalous 
dispersion were otherwise incorporated in the earlier calcu- 
lations by the use of experimental values of the refractive 
index and of the absorption coefficient. 

* A.H. Compton and S. K. Allison, X-Rays in Theory and 
Experiment (D. Van Nostrand Co., 1935). 
1F, Miller, Jr., Phys. Rev. 47, 209 (1935). 


the wave-lengths of 0.71, 2.75 and 5.83A, re- 
spectively. The Ca K absorption limit of calcite 
is at 3.06A. 

The wave-length and the Bragg angle are the 
fundamental variables in the study of crystal 
reflectivities. These two variables are of course 
not unrelated but the significance of the com- 
parison of the calculated and observed reflec- 
tivities in several orders of reflection lies in the 
variance of the Bragg angle with a given wave- 
length. 


II. THEORETICAL CALCULATIONS 


The expression for the theoretical diffraction 
pattern of a single perfect crystal is 


(D+71B)6—'! cos 265 |2 


1+ {(/—iB6-')?—[(D+iB)6—'| cos 26! }?}! 


siderably easier and eliminated some of the 





laborious graphical integrations employed in the 
earlier evaluations. Another short-cut in the 
integrations is afforded by the fact that 


o.(e)dee| f P(t] (2) 


< 


as derived on page 725 of reference 9. A similar 
identity can be written for the -z-polarized 
components. 

The constants involved in the calculations 
were determined as previously described® * with 
the following exceptions : 

(1) The wave-mechanical method of Hénl" 
was used in calculating the refractive index of 
calcite at wave-lengths greater than those em- 
ployed in Larsson’s measurements.” 

(2) The values of the structure factors used 
were taken from the tables of Pauling and 
Sherman" and of James and Brindley" and are 
given in Tables IA and IB. The calcium structure 


"1H. Hoénl, Zeits. f. Physik 84, 1 (1933). 

#2 A. Larsson, Inaugural-Dissertation, Uppsala (1929). 

8 L. Pauling and J. Sherman, Zeits. f. Krist. 81, 1 (1932). 

4R. W. James and G. W. Brindley, Phil. Mag. 12, 81 
(1931). 
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TABLE IA. Structure factors of calcium, carbon and oxygen in 
five orders of reflection as used in the calculations. 


ATOM fj f 3(200)/f;(O) 
First carbon 3.90 0.650 
Order oxygen 6.20 0.775 
Second carbon 2.25 0.375 
Order oxygen 3.77 0.471 
Third calcium 8.32 0.416 
Order carbon 1.67 0.278 
oxygen 2.21 0.276 
Fourth calcium 7.57 0.379 
Order carbon 1.53 0.255 
oxygen 1.70 0.212 
Fifth calcium 6.64 0.332 
Order carbon 1.40 0.233 
1.53 0.191 


oxygen 


TABLE IB. Structure factors of calcium at different wave- 
lengths in first and second orders of reflection as used 
in the calculations. 





WAVE- 

LENGTH FIRST ORDER SECOND ORDER 
(A) Ca fe al 2H fi q(0 ICa fCa(260) fc q(9) 
0.71 15.30 0.765 10.55 0.528 
1.54 15.30 0.765 10.55 0.528 
2.14 10.55 0.528 
2.75 13.80 0.745 9.05 0.489 
3.11 11.30 0.705 

4.28 13.54 0.742 

5.00 13.60 0.743 

5.36 13.67 0.744 

5.83 13.77 0.745 


factor varies in the region of anomalous dis- 
persion and the subsequent corrections (decre- 
ments) to the values 15.3 and 10.55 in the first 
and second orders of reflection have been esti- 
mated from an extrapolation with atomic number 
of the theoretical values given by Hénl!* for 
Fe (26). Glocker and Schafer'® give experimental 
values for Fe (26) which are in excellent agree- 
ment with Hénl’s calculations.!? The decrement 
in the structure factor is taken as independent 
of the scattering angle and is present in both the 
numerator and the denominator of the ratio 
foa(200)/fcea(0) as given in Table IB. 

1H. Hénl, Ann. d. Physik 18, 625 (1933). 

16 R. Glocker and K. Schafer, Naturwiss. 21, 559 (1933). 
See also K. Schafer, Zeits. f. Physik 86, 739 (1933). 

17 Experimental determinations of the structure factor 
decrements due to anomalous dispersion are not entirely 
in accord with the predictions of Hénl’s theory. See refer- 
ence 9, pp. 298-304, Lameris and Prins, Physica 1, 881 
(1934), and W. P. Jesse and S. K. Allison, Bull. Am. Phys. 
Soc. 10, (7), 1935, Abstract 58. However, for the purposes 


of the present calculations, more accurate decrements than 
are used in the values of Table IB would be of no advantage. 
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(3) The effect of the thermal vibrations of the 
atoms in the crystal is to decrease the structure 
factor values. Presumably for calcite the temper- 
ature correction in the structure factors for first 
order reflection is small. In the case of second 
and higher orders, however, due to the increased 
values of sin? 6/2, the corrections are much 
larger and cannot be neglected. Although the 
complexity of an adequate temperature correc- 
tion for calcite forbids its execution at the 
present time, it nevertheless is possible to 
investigate the tendency and the order of magni- 
tude of such a correction. A very rough idea of 
the temperature effect is obtained as follows: 
The structure factor correction, due to Debye 
and to Waller,'® 


fr=fee™, (3a) 
6h? so(x) 1\sin? 6 
where M=- —( --+ - -, (3b) 
mkO\ x 4 De 


applies to a crystal having a simple cubic lattice 
of only one atomic species. Calcite is a more 
complex crystal but no general correction has 
been developed applicable to such complex 
crystals. In Eq. (3b), 4 is Planck’s constant, m is 
the mass of the atom, & is Boltzmann’s constant, 
© is the characteristic temperature of the 
crystal, x=0/T, where T is the temperature of 
the crystal (290°K) at which the reflectivities 
are measured, and ¢(x) is a function whose 
values are given by Debye.'® For m we shall 
take the mean mass of the atoms of CaCQs, 
3.30X10-* gram. The value of © may be 
determined from the equation!® 

@=(A’Tn V/A Tn! V2)80’, (4) 
where A, 7, and V are the atomic weight, 
melting point temperature and specific volume 
of calcite, and the primed quantities refer to a 
crystal (such as NaF) whose characteristic 
temperature is known. Or © may be roughly 
estimated from the relation between crystal 
hardness and characteristic temperature since 
the relative hardness of calcite is known. In the 


18 P. Debye, Ann. d. Physik 43, 49 (1914); I. Waller, 
Ann. d. Physik 79, 261 (1926), 83, 154 (1927), Zeits. f. 
Physik 51, 213 (1928); A. H. Compton and S. K. Allison, 
reference 9, pp. 435-444. 

19 J. J. Shonka, Phys. Rev. 43, 947 (1933). 
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TABLE II. Correction factors for thermal agitation of the 
atoms in calcite in various orders of reflection as used in the 
present calculations. The quantity M is defined in Eq. (3). 
(These values can have only qualitative meaning in view 
of the assumptions involved.) 








FOURTH FIFTH 


FIRST SECOND THIRD 
ORDER ORDER ORDER ORDER ORDER 
M 0.036 0.144 0. 324 0.576 0.897 


eM 0.965 0.867 0.724 0.564 0.408 


present work © is taken as 360°K. Substituting 
these values in Eq. (3) gives the temperature 
corrections listed in Table II. This correction is 
incorporated in the calculations by simply 
multiplying the D and B values*® by the appro- 
priate ratio in Table II. 

The other constants requisite to evaluating 
Eq. (1) are listed in Table III. Two sets of D 
and B values are given: Subscript 1 refers to 
values in which no correction for anomalous 
dispersion in the atomic structure factor of 

20 The quantities D and B, constants for a given wave- 
length and order of reflection, are defined in Eq. (6.46) of 
reference 9. In evaluating these quantities care must be 


taken in regard to the phase relations of the rays scattered 
from the respective atoms. 


calcium and no correction for thermal agitations 
have been applied to any of the structure 
factors; subscript 2 refers to values in which 
both of these corrections have been made as 
discussed above. The corrected and the uncor- 
rected D and B values are listed to indicate the 
magnitudes of the effects of these corrections, 
and the theoretical reflectivities using both sets 
of D and B values in the calculations are given 
in Table IV to indicate the sensitivity of the 
reflectivities to changes in D and B. 


III. EXPERIMENTAL PART 


The double spectrometer and accessory appa- 
ratus have been described in previous reports.”! 
With large glancing angles the horizontal di- 
vergence of the incident x-ray beam was limited 
by the size (approximately 1.5 mm) of the focal- 
spot of the target and by the collimating action 
of the crystals; with small glancing angles a 
Seeman slit at the first crystal was used to limit 








21... G. Parratt, Phys. Rev. 41, 553 (1932); Rev. Sci. 
Inst. 5, 395 (1934). 


TABLE III. Constants used in evaluating Eq. (1) for calcite in various orders of reflection. The subscripts on the D and B 
values refer (1) to uncorrected and (2) to corrected values as discussed in the text. u;=linear absorption coefficient; 





§=deviation of refractive index from unity; 8 =absorptive index =) ‘47. 





























ANGULAR 
WaAVE- 'NIT 
LENGTH GLANCING radians 
(A) ANGLE ul 5X 108 Bx 108 x 108) Di X 108 Bi X 10° D2 108 Bs xX 108 
First Order 
0.71 6° 43’ 23.4 1.82 0.0132 15.67 0.938 0.0097 0.905 0.00936 
1.54 14° 42’ 208. 8.80 0.254 35.85 4.457 0.185 4.30 0.1785 
2.75 26° 55’ 1008. 26.7 2.20 66.15 13.32 1.601 12.62 1.499 
3.11 30° 56’ 265. 32.6 0.657 73.91 15.77 0.348 14.55 0.317 
4.28 45° 00’ 617. 65.5 2.10 130.0 31.80 1.08 29.94 1.02 
5.00 So Sa 920. 88.5 3.65 189.7 44.38 1.86 42.02 1.76 
5.36 62° 20’ 1100. 102.0 4.69 248.0 51.02 2.37 48.40 2.24 
5.83 74° 18’ 1390. 121.0 6.44 464.5 60.22 3.25 57.00 3.07 
Second Order 
0.71 13° 30’ 23.4 1.82 0.0132 8.018 0.334 0.00645 0.289 0.00559 
1.54 30° 30’ 208. 8.80 0.254 20.12 1.602 0.1203 1.388 0.1042 
2.14 45° 00’ 446. 17.0 0.760 34.00 2.96 0.410 2.56 0.355 
2.75 65° 14’ 1008. 26.7 2.20 70.19 4.43 1.035 3.49 0.831 
Third Order 
0.71 20° 34’ 23.4 1.82 0.0132 5.545 0.448 0.00523 0.325 0.00379 
1.54 49° 34’ 208. 8.80 0.254 17.83 2.156 0.0987 1.562 0.0715 
Fourth Order 
0.71 28° 00’ 23.4 1.82 0.0132 4.404 0.522 0.00486 0.294 0.00274 
Fifth Order 


0.71 35° 55’ 23.4 1.82 0.0132 








3.839 0.372 0.00418 0.152 0.00171 
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Calculated and observed* values of reflectivities of calcite in various orders of reflection. The (1) and (2) calculated 


values are obtained with the D,B,; and D2B; values, respectively, in Table III. 


TABLE IV. 








SHAPE FACcToR 
) 











FuLL WiptH at HALF-Max. COEFFICIENT OF REFLECTION s=R/w 
WaAvE (seconds of arc) PERCENT REFLECTION (X10 radians) (i units) 
LENGTH CALCULATED OBSERVED CALCULATED OBSERVED CALCULATED OBSERVED CALc Oss 
(A) 2) (1) (2) (1) (2 2) 
First Order 
0.71 4.60 4.51 5.2 77.0 75.5 66.0 2.03 1.98 2.40 1.20 1.43 
1.54 9.90 9.64 10.0 69.2 66.4 65.0 3.82 3.87 3.90 1.25 1.24 
2.75 17.2 16.6 16.8 49.1 47.1 45.0 4.79 4.78 4.60 1.27 1.26 
3.11 17.4 16.0 16.9 69.1 67.4 60.0 6.80 6.43 5.95 1.23 1.21 
4.15 — 35.0 — — 60.0 — - 12.00 - 1.18 
4.28 36.5 34.7 — 68.6 66.3 14.5 13.7 - 1.22 ~= 
5.00 49.5 47.5 51.0 60.8 58.6 48.0 17.1 16.5 13.9 1.22 1.18 
5.36 62.4 59.8 64.0 59.9 57.8 43.0 21.7 21.0 15.3 1.25 1.15 
5.83 130.7 123.5 127.0 59.6 56.7 44.0 44.1 41.9 30.3 1.24 1.11 
Second Order 
0.71 0.70 1.1 69.7 49.0 0.286 0.37 1.22 1.41 
1.54 1.62 1.9 43.7 44.0 0.466 0.56 1.36 1.38 
2.14 3.44 — 38.9 — 0.796 = 2a - 
2.75 7.67 5.5 16.1 24.0 0.826 0.89 1.38 1.39 
Third Order 
0.71 0.50 1.1 68.9 49.0 0.206 0.34 Be 1.30 
1.54 1.99 2.0 47.4 48.0 0.570 0.63 1.25 1.35 
Fourth Order 
0.71 0.35 0.7 63.9 40.0 0.138 0.20 1.29 1.46 
Fifth Order 
0.71 0.18 0.7 56.6 30.0 0.061 0.14 1.26 1.33 














s * Theexpe rimental data in this table (the only complete set of consistent data with calcite crystals, consistent in the sense that just one pai r of 
crystals was used) — obtained with crystals AsBy. Data with other calcite crystals are given by S. K. Allison, Phys. Rev. 41, 1 (1932); L. G. 
Parratt, Phys. Rev. 561 (1932); Rev. Sci. Inst. 5, 395 (1934); 6, 387 (1935); S. K. Allison and J. H. Williams, Phys. Rev. 35, 1476 | 
F. K. Richtmyer and ‘s W. Barnes, "Rev. Sci Inst. 5, 351 (1934); J. A. Bearden and C. H. Shaw, Phys. Rev. 48, 18 (1935). 


1930): 


tals, A,B, which do show “‘spectrometric 
fection.” 

The radiations used are the Um,,; 0;, Ag Lau, 2, 
Mo Lg3, SKa;,2 and Au May;,2 lines in first 
order, the Kay, lines of Mo, Cu and Ti in both 
first and second orders, the Ka;,2 lines of Mo 


and Cu in third order and the Kay, 2 lines of Mo 


the area irradiated on the crystal. The maximum 
vertical divergence with respect to the central 
ray was 5X10-* radian. The crystals had been 
tested and found to have uniform reflectivity 
over their surfaces. The second crystal only was 
rotated in recording the curves. 

The calcite crystals®” used (crystals A,B, of 


per- 


reference 2) had been etched for 7 seconds with in fourth and fifth orders. The x-ray tube 
0.7N HCl in accord with the method described voltage was at all times maintained lower than 
by Manning.** Since in the earlier first order that voltage which would excite continuous 


radiation of half the wave-length being studied. 

After all the data had been recorded the 
crystals were again studied with 0.71A radiation 
in second order to detect any possible change in 


work® in the wave-length range 1.54<\<4.94A 
the crystals used (crystals I[A—IIB) 
"24 this range of wave- 


were not 
‘“spectrometrically perfect,’ 


lengths was re-examined with the present crys- 





*2 The authors are indebted to Professor J. A. Bearden 
of ‘nee Hopkins U yang A for supplying these crystals. 

3K. V. Manning, Rev. Inst. 5, 316 (1934). 

* The term _* enettiho 9 perfection” is defined in 
reference 2 in terms of high percent reflections and/or 
narrow widths of the curves of, say, Mo Ka, in both the 
1, —1) and the (1, +1) positions. 


their reflecting properties. The percent reflection 
was found to have decreased from 49 to 45 and 
the width of the (2, —2) curve to have increased 
from 1.1 to 1.25 seconds of arc. These differences 
are slightly greater than the observational errors. 
Several investigators have reported no change 
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with time in the reflecting properties of cleavage 
surfaces of calcite crystals but no such test has 
previously been made of etched surfaces. It is 
reasonable that any tendency toward deteriora- 
tion would be enhanced in the case of an etched 
surface because of the much greater exposed 
area. The present crystals, A,B,, were preserved 
in a vacuum during intervals of time of a few 
days or more when data were not being recorded 
and the present test of such a possible time 
change is not conclusive. 


IV. RESULTs 


The calculated and experimental values of the 
reflectivities are given in Table IV and compared 
graphically in Figs. 1-6. The theoretical values 
plotted in the figures are the corrected values 
obtained by using D, and By of Table III. The 
sharp rise in the values of first-order widths and 
reflection coefficients at glancing angles of about 
60° is due to the rapid increase in the unit of 
angular measure, 


angular unit =6 sec 4 csc 4. (5) 


An alternative method of plotting in terms of / 
units rather than radian units eliminates this 
trigonometric effect and shows to better ad- 
vantage the crystal reflectivities. The / unit is 
defined as 

1=6-'(W—6o) sin 09 cos 69—1 (6) 


and represents the fractional deviation of the 
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Fic. 1. Comparison of the observed and calculated full 
widths, w (in X units) at half-maximum intensity of the 
(1, —1) and (2, —2) rocking curves of calcite crystals 
A,B, at different wave-lengths. 


glancing angle from the corrected Bragg angle. 
(@ is the Bragg angle not corrected for refrac- 
tion.) Unit deviation is given by Eq. (5). Fig. 4 
is a plot of the (1, —1) width in 7 units as a 
function of the wave-length. The (m, —) width 
in / units from the width in seconds of arc is 
obtained from the relation 

W (in 1 units) =4.85 x 10-6 oo S _— ) (7) 

angular unit 
Values of the angular unit, Eq. (5), are listed in 
Table III. 

The intensity of the z-polarized component of 
the radiation is zero when the Bragg angle is 
45°; and the z-intensities are equal to those of 
the o-polarized components at angles of 0° and 
90°. This effect of the relative intensities of the 
two components of polarization accounts for 
some of the curious variations in the reflectivities. 

In Fig. 5 are shown the reflectivities, calcu- 
lated and observed, at the wave-length of 
0.71A in five orders of reflection. In general, the 
good agreement in the higher orders of reflection 
(especially 1.54A) may be evidence that the order 
of magnitude of the temperature correction 
(which increases rapidly in relative effect with 
the order of reflection, as is seen in Table IT) is 
about right. 
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Fic. 2. Comparison of the observed and calculated 
percent reflections, P, of calcite crystals A,B, in first and 
second orders at different wave-lengths. 
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Fic. 3. Comparison of the observed and calculated 
coefficients of reflection, R, of calcite crystals A,B, in first 
and second orders at different wave- lengths. 
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Fic. 4. The variations in the (1, —1) widths of different 
pairs of calcite crystals is shown to better advantage when 
the widths are expressed in /-units. In the figure are 
included data with several pairs of calcites which have 
been used in studies of x-ray line widths by the investi- 
gators indicated in the legend. References are given at the 
bottom of Table IV. 


The coefficient of reflection R may be de- 
fined as 


R area under the (nm, —m) curve ‘2 
= se sctsimse* oa) 
intensity incident upon the second crystal - ( 





In view of this definition, the comparison of the 
calculated and observed values of R, shown in 
Fig. 3, is effectively a comparison of the areas 
under the (m, —m) diffraction patterns. The 
widths and heights of the patterns have already 
been compared, Figs. 1 and 2, respectively, and 
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Fic. 5. Comparison of the observed and calculated values 
of the four reflectivities of calcite crystals A.B, in five 
orders of reflection at the wave-length 0.71A. The widths 
of the (n, —m) curves with the calcites studied by Allison 
and Williams are represented by the open squares. 


we are now interested in gleaning what informa- 
tion we can about the shapes of the (n, —n) 
patterns. The coefficient of reflection may also 
be written, again from definitions, as 


R=swP, (8b) 


where w is the (, —m) width, P is the percent 
reflection and s is a factor determined by the 
shape of the curve. That the (1, —1) shape 
varies with wave-length we already know,” but 
we wish also to refer to the possible difference 
in the calculated and observed shapes at the 
same wave-length. All the (m, —m) shapes in- 
volved are symmetrical about the maximum 
ordinate. Eq. (8b) may be written with the 


2% L. G. Parratt, Rev. Sci. Inst. 5, 395 (1934), Fig. 6. 
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Fic. 6. The shape factor, s (defined as the ratio R/wP) 
at different wave-lengths in first order with several pairs of 
calcite crystals as indicated in the legend. The shape 
factors for the Gauss error function, for the classical 
function and for the square of the classical function are 
drawn in the figure as dashed lines. 


calculated values of R, w and P, then again with 
the observed values, and a comparison made 
of the two values of s so obtained. This com- 
parison of the shape factors is made in Fig. 6. 
The factor s does not uniquely determine the 
shape of the curve but it is nonetheless a con- 
venient and very sensitive factor—almost too 
sensitive as judged from the scattering of the 
experimental points in the figure. Reference 
values for use in interpreting the figure are 
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FROM 


afforded by a few well-known curves: For a 
triangle, s=1.00; for a Gauss error curve, s 
= 1.06; and for a classical (Hoyt) curve, s= 1.57. 
The square of the classical curve was found by 
Allison®® to agree very well with observed 
(1, —1) curves; 
These type curves are represented in Fig. 6 by 
dotted horizontal lines. 


for such an expression, s= 1.22. 


The shape factors of 
the curves of higher orders of reflection are given 
in Table IV but to avoid confusion are not 
included in Fig. 6. The curve suggested by 
Allison obviously gives the best general fit, but 
at the short wave-lengths the observed shape 
at least, 


factors approach and, in some cases 


exceed the factor of the classical curve. 


V. CONCLUSIONS 

We have before us now a more complete and 
rigorous test of the validity of the theory than 
has been made before. Refinements in the calcu- 
lations have been attempted and the comparison 
of the theory with experiment has been extended 
both in wave-length and in the order of reflection. 
The crystals used in the experimental part are 
more nearly “perfect” (as indicated by the per- 
cent reflections which seems to be the most 
sensitive criterion) than any other calcites whose 
reflectivities have been studied. Many points 
relative to the agreements and disagreements 
shown in the figures could be mentioned but it is 


perhaps best to let the figures speak for them- 


*6 In private communication (1932) with Professor S. K. 
Allison. 
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Fic. 7. Theoretical diffraction patterns from a single calcite crystal for the wave-length 1.54A in three orders of reflec- 
tion. The solid curve is the sum of the two components of polarization, the dashed curves, with the assumption that the 
incident x-ray beam is completely unpolarized as indicated in Eq. (1). 
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selves. In general the discrepancies cannot be 
reconciled by changing the magnitude of the 
temperature correction nor by ascribing to 
the crystals the usual mosaic structure. There 
seems to be some inherent inadequacy in the 
theory in accounting quantitatively for all four 
reflectivities, particularly at the short wave- 
lengths in first-order and the long wave-lengths 
in second-order reflections. However, the qualita- 
tive agreement throughout is remarkably good 
considering the difficulties and assumptions in- 
volved in evaluating the theoretical reflectivities. 

The corrected theoretical values make more 
obvious the conclusion that, with certain wave- 
lengths in certain orders of reflection, all calcite 
crystals reported to date show evidences of some 
mosaic structure, but that at other wave-lengths 
the evidence is not present. 

Information about the complete shape of the 


single crystal diffraction pattern is the primary 
objective of these researches. The shapes of 
the single crystal theoretical patterns of the 
first order reflections are given in Fig. 2 of 
reference 2. The theoretical shapes are asym- 
metrical and vary somewhat with the order of 
reflection as indicated in the patterns for 
\=1.54A in Fig. 7. The patterns of Fig. 7 are 
calculated with the values of Dz and Bs, that is, 
corrected as discussed above; while the patterns 
of reference 2 were calculated with the D, and 
B, values. How much practical meaning can be 
attached to these predicted single crystal pat- 
terns cannot be definitely answered, but the 
surprisingly good general qualitative, and in 
many instances quantitative, agreement in the 
calculated and observed reflectivities lends sig- 
nificant support to the general validity of the 
theory. 
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Fraunhofer’s Spectrum in the Neighborhood of 96,000A 


ARTHUR ADEL, V. M. SLIPHER AND OMER Fouts, University of Michigan and the Lowell Observatory 
(Received December 10, 1935) 


The absorption of solar radiation by the atmospheres of the sun and the earth has been 
examined with high resolving power over the spectral region from 70,000A to 110,000A. This 
paper is concerned with a discussion of the spectrum in the vicinity of 96,000A. The strongest 
rotation-vibration band of the ozone molecule occupies this region and has been separated into 
lines. The structure of the molecule is discussed in the light of these new data. 


URING December, 1934 and January, 1935 

the Fraunhofer spectrum was investigated 
with low resolving power over the range from 
5u to 21y.' At this time, the limits and magni- 
tudes of the great regions of absorption were 
defined and were assigned to the atmospheric 
molecules responsible for them. There are but 
three of the latter. Only the water, carbon 
dioxide, and ozone molecules exhibit changes of 
electric moment when executing transitions be- 
tween vibrational states. 

The present paper is concerned with the strong, 
symmetrical absorption band of the ozone mole- 
cule lying between 9u and 10u. We have analyzed 
it with high resolving power, thereby revealing 


1 A. Adel, V. M. Slipher and E. F. Barker, Phys. Rev. 47, 
580 (1935). 


its essential nature. This band is the most intense 
in the entire infrared spectrum of ozone.’ An idea 
of its strength may be obtained by examining 
the low resolving power curve of this region in 
the light of the knowledge that the earth’s 
atmosphere contains the equivalent of merely 
three millimeters of the gas at atmospheric 
pressure, in the zenith direction.* 

The same observing station was employed for 
the present as for the previous experiment, the 
physics laboratory at the University of Michigan 
campus, latitude 42° 17’. The measurements with 
which we are now concerned were made during 
the summer of 1935 so that a somewhat shorter 


?Hettner, Pohlman and Schumacher, Zeits. f. Physik 


91, 372 (1934). 
3E. and V. H. Regener, Physik. Zeits. 35, 788 (1934). 
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atmospheric path was involved as compared 
with the earlier study. 

Both the spectrometer‘ and the heliostat® have 
been described in detail elsewhere. The spec- 
trometer, thermocouple, and grid amplifier were 
of the Pfund design. The slit-width equivalent 
at 10u was 1.5 cm™. A 1200-line grating of the 
echelette type, ruled by Barker, was employed. 


meters. The several lines are drawn from dif- 
ferent base lines as follows: lines marked 1, 16, 
17, and 18 are drawn from 0 mm; lines marked 2, 
10, 11, 12, 13, and 14’are drawn from 100 mm; 
lines marked 3, 4, 5, 8, and 9 are drawn from 200 


TABLE I. Conditions prevalent at the time of observation. 








NUMBER 





Numerous runs were made over the region of FRY DATE TE TPE oF Sky 
ozone absorption. Fig. 1 shows the several energy i {uly 4 Ry Py ,. — whitecaps 
curves of the sun’s radiation which were secured. 3 July 18  1.00- 1.40 ed cleer 
In virtue of change in atmospheric conditions 4 july “4 — = —_ — clouds 
from run to run, and because of the varying cir- 5 jai 29 10.10-10.30 Perfectly - ve 
cumstances of the spectrometer the magnitude 7 July 29 10.40-10.50 Perfectly clear 
of aciven B 1 alee ecctciiteitls amie 8 July 30 8.30- 8.55 Fair to sultry, some clouds 

a given line may show considerable variation. 9 Aug. 1 9.30- 9.55 Fair to sultry 
This is, however, an unimportant feature. Line . Aug. : ae wd 
position and character, the essential properties, 12 4 1 11.20-11.40 ow 
display but small deviation. In Fig. 1, the ordi- ? 4 — ‘= a 

‘ cages aaa Wey ‘ : Aug. ; ; azy 
nate has no absolute significance but simply 1S Aug. 4 2.30- 3.05 Perfectly clear 
measures the galvanometer deflection in milli- 16 Aug. 4 3.10~- 3.30 Perfectly clear 
— 17 Aug. 4 3.35- 4.15 Perfectly clear 
‘J. D. Hardy, Phys. Rev. 38, 2162 (1931). 18 Aug. 4 4.20- 4.45 Perfectly clear 








*A. Adel. J. Opt. Soc. Am. 25, 195 (1935). 
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The location of fine structure in the ozone band 
with center at 1043.7 cm™ 


TABLE II. 


R BRANCH 
FREQUENCY 


P BRANCH 
FREQUENCY 


LINE* (em™!) LINE (cm~! 
—1 1041.6 1 1051. 9 
2 1040.3 2 1054.1 
3 1037.6 3 1056.2 
4 1033.8 4 1058.1 
—5 1029.5 5 1060.8 
6 1026.5 6 1062. . 
7 1022.8 7 1067. 
8 1021.3 8 1071.0 
9 1018.5 9 1072.8 
10 1015.6 10 1075.2 
11 1111.1 11 1078.3 
—12 1008.8 12 1082.0 
—13 1006.8 
—14 1005.0 
—15 1001.4 


* The above line numbering does not recognize the possible absence 
of ozone lines, nor the possible inclusion of lines having another ~— 
It simply represents the order of appearance of the lines in Fig. 


mm ; those marked 6 and 7 have been drawn from 
300 mm; while those marked 15 have been 
drawn from 400 mm as origin. The conditions 
prevailing at the time of observation are given 
in Table I. In all cases more than one run was 
made. The best value for each of the fine 
structure lines was secured by averaging all of 
the runs over the particular region concerned. 
These best values of the ozone band lines are 
given in Table II. 

The irregular spacing of the lines shows that 
the ozone molecule cannot be a linear one. 

The excellent low resolving power analysis of 
infrared spectrum by Hettner, Schu- 
macher and Pohlman,? in which it was shown 
that certain bands formerly attributed to the 
ozone molecule are either nonexistent or else 
belong to some other molecule, negatived all 
earlier hypotheses in respect of the structure of 


ozone’s 


the ozone molecule.® 

The three most intense bands of ozone lie at 
14.14, 9.64, and 4.8u. Hettner, Schumacher and 
Pohlman selected these as the three active funda- 
mentals. They have shown that the 14.1u band 
is a doublet. Gerhard has shown that the 4.8u 
band possesses a zero branch. For want of better 


®W.S. Benedict, Phys. Rev. 43, 580 (1933); Badger and 
Bonner, Phys. Rev. 43, 305 (1933); S. L. Gerhard, Phys. 
2 (1932). 


Rey, 42, 62 


IPHER 





AND FOUTS 
information Hettner, Schumacher and Pohlman 
assumed that the band at 9.6u also possesses a 
zero branch. Assuming further that the molecule 
is in the form of an isosceles triangle, Hettner, 
Schumacher and Pohlman demonstrate unam- 
biguously that the half-apex angle is 19.5°. 

It is, however, evident from the Fraunhofer 
spectrum that the 9.64 band is a doublet 
In consequence 


and 
does not possess a zero branch. 
the solution advanced by Hettner, 
and Pohlman is invalidated. 

If with Hettner, Schumacher and Pohlman we 
take the three intense bands of the spectrum to 
be fundamentals, and if we further assume the 
molecule to be isosceles, then it follows from the 
envelope structure that the 4.8u band must be 
vgs and the 9.6u and 14.1u bands »; and ve or 
ve and », respectively.” Subjecting these data to 
either Dennison’s* central analysis, or 
Mecke’s® valence force analysis, we find imagi- 
nary solutions. There is evident need for further 
examination of the ozone spectrum before the 
structure of the molecule can be properly dis- 
cussed. The strong bands now known should be 
resolved, and a search should be made for a 
possible fundamental band as far out as 30x. 

The region containing the 9.64 band of ozone 
is but a portion of the entire spectral interval 
from 70,000A to 110,000A which has been sur- 
have been 


Schumacher 


force 


veyed. More than one hundred lines 
observed. A discussion of the remainder of the 
spectrum will appear in the future. 

The authors wish to express their appreciation 
of grants-in-aid by the American Academy of 
Arts and Sciences and by the Faculty Research 
Council of the University of Michigan. 


7 In the case of a molecule having the form of an asym- 
metrical rotator, D. M. Dennison has shown that the 
fundamental vibrations in which the electric moment 
oscillates along the least axis of inertia produce zero- 
branch bands, while those fundamental vibrations in which 
the electric moment oscillates along the middle axis of 
inertia produce bands possessing a doublet structure. In 
the acute angled model of the triatomic molecule » and 
v; should therefore give rise to zero-branch bands and » 
to a doublet. In the obtuse-angled model, »; and v2 are 
vibrations along the middle axis of inertia and v; is a 
vibration along the least axis of inertia. In consequence »; 
and v2 should exhibit doublet structures and »; a triplet 
structure. 

8D. M. Dennison, Phil. Mag. 

® Mecke, Zeits. f. physik. Chemie B16, 421 


1, 195 (1926). 
(1932). 
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Effect of Evaporated Films on Energy Distribution in Grating Spectra 


Joun StroONG, California Institute of Technology 
(Received May 20, 1935) 


It is found that Wood anomalies of intensity distribution 
in grating spectra are frequently developed by coating the 
grating with an evaporated film of magnesium, silver or 
aluminum. It is observed that the effect is best exhibited 
by gratings with very narrow fine ruling. The typical 
band illustrating the phenomenon is a double band—a 
dark band in juxtaposition to, and on the red side of a 


bright band. The dark band is characterized by a sharp 
boundary on the blue side. The Rayleigh formula which 
predicts the position of these anomalies in the spectrum 
was found to hold for the measurements on this sharp 
boundary. An empirical relation of similar form is devel- 
oped from measurements on the bright bands. Other 
general observations on the bands are recorded. 





HE distribution of the light between the 

various orders of spectra produced by a 
diffraction grating has been the subject of a great 
many experimental and theoretica! studies to 
determine how it is related to groove form, 
errors of ruling and the optical constants of the 
grating material. Many of the experiments with 
gratings gave more or less uniform curves of 
intensity distribution without striking features. 
However, of the gratings ruled at Johns Hopkins 
University, occasionally one has exhibited an 
intensity distribution in its spectrum very differ- 
ent from the ordinary. For example, with such 
a grating one wave-length might be so intense 
compared to the rest of the spectrum that a 
clear monochromatic image of a carbon filament 
lamp would stand out on the weaker background 
of the rest of the spectrum as if the grating 
were acting as a monochromatic mirror. 

R. W. Wood! was the first to describe a 
grating which exhibited this phenomenon. In 
this case the grating gave both light and dark 
bands. In describing the striking character of 
these bands, Wood said, “On mounting the 
grating on the table of a spectrometer I was 
astounded to find that under certain conditions 
the drop from maximum illumination to mini- 
mum, a drop certainly of 10 to 1, occurred 
within a range of wave-lengths not greater than 
the distance between the sodium lines. In other 
words, this grating at a certain angle of incidence 
will show one of the D lines and not the other.” 
Professor Wood has studied these intensity 
anomalies, which take the form of light and dark 
bands, for other gratings. More recently the 


1R. W. Wood, Phil. Mag. 4, 396 (1902). 
*R. W. Wood, Phil. Mag. 23, 310 (1912). 


same phenomenon has been discovered in ordi- 
nary gratings in their infrared spectra by L. R. 
Ingersoll.’ 

The author‘ has found that on many gratings, 
free of the bands, these anomalous intensity 
distributions may be developed by applying a 
thin evaporated film of a metal such as alumi- 
num, silver or magnesium. Thus, it is now 
possible to bring the bands under experimental 
control and renew the study of them in the hope 
of arriving at an explanation. 

The treatment of diffraction gratings with an 
evaporated film was originally undertaken by 
the author with the idea of preserving the ruled 
surface and at the same time of improving the 
reflectivity. For example, the reflectivity of a 
speculum grating in the visible is increased 50 
percent by an aluminum film. In the ultraviolet, 
at 2300A, the improvement is several-fold. The 
aluminum film may be expected to last many 
years after which it may be removed with dilute 
caustic potash solution and a new one added. 

Later on it was observed that other metal 
films not dissolved by KOH could be removed 
from a speculum grating by stripping them off 
with adhesive tape. This allowed tests for the 
bands to be made on the same grating with 
magnesium, aluminum, copper and gold films, 
and the present paper is devoted to the descrip- 
tion of the different effects so produced. 

Not all evaporated films can be stripped off. 
Tin, for example, evaporated on speculum metal 
adheres too strongly for this. It occurred to the 


31. R. Ingersoll, Astrophys. J. 51, 129 (1920); Phys. Rev. 
17, 493 (1921). 

‘John Strong, Publ. A.S.P. 46, 18 (1934); Phys. Rev. 
46, 326 (1934); Phys. Rev. 48, 480 (1935). 
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author that this might be related to the fact that 
speculum metal is one-third tin and, in general, 
films adhere with abnormal tenacity to founda- 
tions of the same or related materials. To test 
this generalization silver was coated with a silver 
film, copper with copper and gold with a gold 
film. In each case the films could not be stripped 
or made to flake off on repeated bending of the 


foundation. 


GENERAL OBSERVATION 


The different gratings tested include those 
ruled with a ground diamond to throw nearly 
all of the light in some particular order as well 
as those ruled lightly with a fine diamond point 
for use in the extreme ultraviolet region of the 
spectrum. Also, they include gratings ruled on 
glass and on aluminum films deposited on a glass 
foundation Of all these, it can be said that the 
most conspicuous feature of the ruling associated 
with these bands is that it is very fine. The grat- 
ings gave the strongest and most numerous bands 
which were ruled for the ultraviolet with lines 
so fine that they were, in one case (grating C) 
not resolved with a fluorite objective giving 
1000 X magnification. On the other hand, ordi- 
nary speculum gratings either gave no bands at 
all when they were coated or they were very 
broad and diffuse. Glass gratings gave bands 
when coated with an appropriate metal film. 

Of the films tested, magnesium gave the 
strongest and most numerous bands with silver, 
aluminum, copper and gold giving the effect in 
decreasing amount in the order given. 

As reported by Wood, the anomalous intensity 
distribution is confined to the polarized compo- 
nent of the spectrum with electric vector vibra- 
tion perpendicular to the ruling. This polariza- 
tion was the most intense; for grating C it varied 
from 5 times more intense than the parallel 
component for a dark band to 100 times for a 
bright band. 

The bands were sometimes bright and some- 
times dark. In the latter case the intensity in the 
spectrum became in some cases practically zero. 
However, in many cases the bands were double, 
a bright one lying in juxtaposition to, and on 
the red side of a dark one. The case of the double 
bands is, for some gratings, so common that the 
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Fic. 1. Intensity distribution for a particular double 
band exhibited by grating C bare and the same with the 
grating coated with silver. 


double band may be regarded as the normal 
example of the phenomenon. The typical energy 
distribution for grating C for a coat with alu- 
minum and silver is illustrated by Fig. 1. It is 
characteristic of this type of distribution that the 
short wave-length edge of the dark band is quite 
sharp and furthermore, it is the same for all 
evaporated films. On the other hand, for a given 
angle of incidence the bright band maximum is 
shifted when various evaporated films are added. 
This is illustrated by Fig. 1 and will be discussed 
further on. 

The bands shift their position in the spectrum 
when the angle of incidence of the light on the 
grating is altered. Some shift to the blue and 
others shift to the red when the angle of incidence 
is increased. 

An observation of some importance related to 
the effect of a rouge pad on the bands. Wood? 
found that a chamois pad could either obliterate 
a band or completely change its position. For 
the gratings reported here the contrary was true. 
For one grating (grating C) as many as 200 
vigorous strokes with the pad did not cause any 
certain change in the bands. We may infer that 
a very narrow sharp ridge between the grooves 
was worn away, in the case of the grating 
reported by Wood, which was so strongly 
affected by rubbing with a chamois skin. 

For grating C the groove is narrow compared 
with the wave-length of green light and seems to 
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play the same role as the sharp protruding edge 
in the production of the bands. It is suggested 
that in either case one has to have a scattering 
element in the groove which has a width small 
compared to the wave-length of light. 


EXPERIMENTAL ARRANGEMENT 


The relationship between the angle of inci- 
dence and the wave-length of the bands was 
studied for several gratings. The grating to be 
studied was mounted on the table of a student 
spectrometer and measurements of angular posi- 
tions for the bands were made with the help of 
an observing eyepiece. In general, four arrange- 
ments were used. 


1. Ordinary. Here the incidence was set at some pre- 
scribed angle and the angular position of the bands was 
studied with the help of the telescope. 

2. Normal incidence. This is a special case of 1. 

3. Littrow. Here an autocollimating eyepiece was neces- 
sary. The observations were made with the angle of 
incidence, 4, equal to the angle of emergence, e. The 
position of the grating was rotated to bring the bands on 
the cross hairs of the eyepiece and the circle noted. By 
definition, clockwise rotation of the grating is considered 
positive and gives rise to positive orders of spectra. 

4. Constant angle. Here the telescope and collimator 
tubes are clamped apart at the constant angle 2y. The 
grating rotation, 6, is measured from the position giving 
the central image on the cross hairs of the telescope to the 
position giving the band on the cross hairs. From ¢ and @ 
we can get the wave-length and angles as follows: 


t= ¢t+8; e=¢—8; A=2 cos ¢gsin 6. 


We express the wave-length here in fractions of the 
grating distance e. The relation \e"'=A can be applied at 
any time to give the wave-length in Angstrom units or xu. 

Here the rotation of the grating from +86 to —@ has the 
effect of simply interchanging the values of i and e. 
Positive orders and positive @ are obtained by definition, 
when the grating is rotated from the zero position (which 
gives the central image on the cross hairs) towards the 
collimator tube. 


REDUCTION OF DATA 


Lord Rayleigh® gave a relationship between 
the position of the bands in the spectrum and 
the angle of incidence which is claimed to give 
values of the wave-length which are in agreement 
with the original measures of Wood. Rayleigh’s 
formula predicts that the bands should occur 
at those wave-lengths in a given order which are 


* Rayleigh, Phil. Mag. 14, 60 (1907). 


passing off the grating tangentially in some 
higher order. Rayleigh’s* dynamical grating 
theory, from which this formula gets its justifi- 
cation, has since been extended by Voigt.’ 
However, it is not planned to go into these 
theoretical considerations but to study how 
nearly the formula they yield represent the facts. 
This relationship between the wave-length A 
and the angle of incidence may conveniently be 
written ; 
K,A=K,e"\=1+4sin 7, 
K_A=K_e"\=1-sin i, 


and for the Littrow arrangement; 
K,=A‘+n/2. 


Rayleigh’s theory requires that K be integral. 
However, if observed values of A and i are set 
in the equations they lead to values for K which 
are often not integral. We will, therefore, find 
it convenient in such cases to write; 


K,.=(n—A), 


where n is an integer. These relations are used 
for getting values of K and A referred to later, 
and, unless it is otherwise specified A refers to 
the center of the band. 


GRATING A 


The first grating measured was ruled by Mr. 
Julius Pierson for the extreme ultraviolet. It 
had shallow grooves. The ratio of groove width 
to grating spacing was between 1 : 5 and 1 : 10. 
The spacing, ¢, was 2.084,. 

This grating was silvered by the evaporation 
method whereupon it exhibited many bands. 
The measurements with it, using the Littrow 
arrangement, are given in Table I. The fact 
that in the positive orders the bands are bright 
and in the negative ones, dark, suggests a possible 
asymmetry in the shape of the grooves. 

The bands at +8° 33’ were particularly inter- 
esting. Each was double and strong when 
observed on either side of the cross hairs but at 
the cross hairs they appeared single and ex- 
tremely weak. The displacement of the double 
bands from the cross hairs increased their 


separation. For example at 8° 33’+20’ the bands 


6 Rayleigh, Proc. Roy. Soc. A79, 399 (1907). 
7 W. Voigt, Nachr. Math. Phys. KI. (1911), p. 40. 
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TABLE I. Bands exhibited by grating A using the Littrow 
arrangement. 

ORDER i AND € DESCRIPTION 
+1 6° 48’ bright sharp 
—1 6 49 bright 
+1 6 58 bright 
—1 6 54 dark 
+1 8 33 bright very diffuse 
—1 8 33 dark very diffuse 
+2 15 14 bright diffuse 
—2 15 00 dark 
+3 21 11 bright diffuse 
—3 21 20 dark diffuse 
+3 26 36 bright diffuse 
—3 26 38 dark sharp 
—2 12 35 dark diffuse 
—2 19 56 bright 
—3 20 49 dark diffuse 
—4 31 46 diffuse 
—§ 47 57 diffuse 





were just resolved while at 8° 33’+39’ they had 
a separation of about 1/4 their distance from 
the cross hairs. Values of K for this line are 
K,.=3.86 or K_=1.86. 

Measurements made with the arrangement, 
but with the grating coated with water (a piece 
of plane parallel glass with water between the 
grooves and the glass) are given in Table II. 

At normal incidence this grating gave the 
bands listed in Table III. For this case K =A. 
Values of K are given. 

Measurements were made with this grating 
by the ordinary method at eight angles of 
incidence, varying from 40° to 75°. Light and 
dark bands were observed in all the orders of 
the spectrum. They are observed to occur at 
the same color in all orders of the spectrum for 
a given angle of incidence. For example, at 
t=75° the color A=0.2542 was occupied by a 
band in six orders and A =0.2873 was occupied in 
five orders. 

The computed values of K are not constant; 
they vary when 7 changes from 40 to 75° as 
follows; 5.83 to 5.91, 6.69 to 6.85 and 7.58 to 
7.74. Of 81 bands observed 20 were not repre- 
sented by either of the three values of K given 
above. It is apparent that none of the values 
are integral as required by Rayleigh’s relation. 


JOHN STRONG 


TABLE II. Bands exhibited by grating A coated with water 


ORDER i AND € DESCRIPTION 

—1 7 bright blue 
7 6 bright blue 

+2 9 6 dark red 
—2 9 0 red 
+2 16 56 bright diffuse orange 
—2 16 34 dark strong yellow 
+3 27 45 dark red 
—3 28 05 bright red 
+4 35 4 dark red diffuse 
—+ 35 11 dark 
+5 41 10 bright diffuse green 
+5 50 53 bright diftuse red 
+4 34 57 dark 
—3 23 5 


54 dark weak green 


TABLE III. Bands exhibited by grating A for normal incidence. 





ORDER ‘ e DESCRIPTION K 
+2 0 32° 05’ bright green diffuse 3.75 
+3 0 52° 16’ dark green diffuse 3.80 


GRATING B 


This grating was the same as grating A (as 
nearly as I could tell).. It was silvered and 
measurements were made by the constant angle 
method. The data so obtained are given in 
Table IV. Also the classification of the bands 
according to values of K is indicated. 

It will be observed that in 19 cases out of 23 
the bands are found at approximately sym- 
metrical positions of the grating on both sides 
of ¢=0. 

For g¢=35° 29’ the red bands in the first order 
were single at the cross hairs but for a slight 
rotation of the grating they showed double. 
This behavior is like that observed above for 
grating A with the Littrow arrangement at 
8° 33’. Here the K values are either K_=1.82 or 
K,=3.83 as compared with 1.86 and 3.86 for 
grating A. 

With two exceptions (2nd and 3rd order at 
g=35° 29’) if we change @ to —@ which means 
interchanging values for 4 and e we see that the 
single bands change from bright to dark or 
vice versa. It was further observed that a dark 
band remains dark for a rotation of the telescope 


tube from the counterclockwise side of the 
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TABLE IV. Bands exhibited by grating B using the constant 
angle method of measurements. 























DESCRIP- 
¢ ORDER 6 i e TION Ks K 
35°29 —1 — 9°07’ 44° 36’ 26° 22’ bright 
+1 + 9 02 26 27 44 31 dark 3.83 1.82 
—2 -15 50 51 19 19 39 dark 
+2 +15 39 19 50 51 08 bright 1.74 
_» {-20 14 55 43 1S 15 dark 
“ \-—20 28 55 57 15 01 bright 
+20 06 15 23 55 35 dark 2.90 
\+20 22 15 07 55 51 bright 
—2 —16 10 51 39 19 19 bright 
+2 +16 27 19 02 51 56 dark 3.83 
—-3 —27 30 62 59 7 59 dark 
+3 +27 25 8 04 62 54 dark 
aa —28 54 64 23 6 35 dark 
—29 32 65 O1 5 57 bright 3.79 
43 | +29 10 6 19 64 39 dark 
(+29 49 5 40 65 18 bright 
+3 +22 50 58 19 12 39 =©dark 6.70 
4 [+46 43 82 12 —11 04 dark 
r +47 34 83 03 -—12 05 bright 6.80 
40 —1 — 8 45 48 45 31 15 bright 
+1 + 8 46 31 14 48 46 dark 1.80 
—1 — 9 25 49 25 30 35 bright 
+1 +9 25 30 35 49 25 dark 3.83 
-3 —28 34 68 34 11 26 bright 
+3 +28 32 11 28 68 32 dark 3.83 
2 —15 26 55 26 24 34 dark 
—15 15 24 45 55 15 bright 1.70 
42 { 17 04 57 04 22 56 dark 
- | 17 14 22 46 57 14 bright 3.78 
+3 23 42 63 42 16 18 bright 6.72 
45° al | — 8 35 53 35 37 25 bright 
+1 + 8 23 37 (37 $3 23 dark 1.78 
—1 — 9 50 54 50 35 10 bright 
+1 +9 49 35 11 54 49 dark 3.88 
—2 —17 54 62 54 27 06 double 
+2 +17 Sl 27 09 62 51 double 3.82 
—3 —27 38 72 38 17 22 bright 
+3 +27 37 17 23 72 37 dark 3.83 
—3 —24 47 69 47 20 13 bright 
+3 +24 44 20 16 69 44 dark 6.72 
50° -1 — 8 16 58 16 41 44 bright 
+1 +8 13 41 47 58 13 dark 1.74 
—-1 -10 15 60 15 39 45 bright 
+1 +10 16 39 44 60 16 dark 3.88 
—1 —18 42 68 42 31 18 double 
+2 +18 40 31 20 68 40 double 3.83 
—2 -20 50 70 SO 29 10 bright 
+2 —20 45 29 15 70 45 bright 2.87 


collimator tube over to the clockwise side, a 
change which transforms 7 to —i and e to —e. 

As ¢ was increased the K, bands become 
sharper while the K_ bands become more diffuse. 

It is interesting to compare the values K, 
=3.83 and 6.72 with those for grating A. At 
normal incidence for A; K,=3.77. Also at 
i=40°, K, =6.70. 


GRATING C 


This grating had a constant of 1.6674 and 
was ruled on an aluminum coated glass plate. 
I am indebted to Dr. H. D. Babcock of Mount 
Wilson Observatory for this grating. The ruling 
was very fine and was estimated to have a 


width relative to the grating constant of 1 : 10 
or less. I gave a piece of this grating to Professor 
R. W. Wood and it will be instructive for the 
reader to refer to a recent paper of his.* The 
spectrograms given there are all produced by 
this grating with the exception of Nos. 1 and 2. 

This grating was coated with magnesium, 
silver, aluminum, gold and copper films. After 
the effect of each film was studied it was re- 
moved from the grating either by stripping it 
off with tape or by dissolving it with concen- 
trated HNQOs. 

Fig. 1, already referred to, shows the energy 
distribution for a typical double band produced 
by one. section of the grating, coated in one case 
with silver and in another with aluminum. We 
have already mentioned the more striking fea- 
tures exhibited here. 

It is very important, however, to point out 
that values of K computed from the wave-lengths 
corresponding to the abrupt edge of the dark bands 
are not only the same for all metals but they are 
integral. 

Values of K for the bright bands are not integral. 
It is important to note that the quantity A 
(K=n—A) computed for the bright bands was 
found to be independent of the value of i or n. 
A was, however, dependent on the wave-length. 
The A and 7 were observed for the bright bands 
with various metal films. The constant angle 
method of observation was used. From these 
data, taken in all observable orders, A was com- 
puted as a function of \. The results are given 
by the curves in Fig. 2. 

It was interesting to study the behavior of 
the bright bands for this grating with gold and 
copper films. With gold, A has small values in 
the red which increase as the short wave-length 
region, of lesser reflectivity, is approached. This 
is, of course, represented quantitatively by the 
gold curve in Fig. 2. The bands, both bright and 
dark, for gold disappeared in the middle of the 
spectrum. For the case of a copper film, however, 
it was possible to follow the dark band through- 
out the spectrum, even although in the green 
the separation becomes very great. As i was 
increased, the two components of the double 
band in the red moved toward the green. The 
dark band advanced regularly with the bright 


§ R. W. Wood, Phys. Rev. 48, 928 (1935). 
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Fic. 2. Deficiencies from integral values, A, for the calcu- 
lated passing off orders as a function of wave-length. 


one lagging more and more behind. At the same 
time it becomes more diffuse until, in the green, 
the bright band became so wide that it was no 
longer distinguishable. The dark band, however, 
remained very sharp throughout the spectrum. 
In the green and blue the values of K repre- 
senting the dark band were integral. 

An experiment was carried out to determine 
the effect of water on this grating. The water 
was retained between the grooves and a piece of 
plane parallel glass as before. In this case it is 
convenient to calculate values K.,’ instead of K, 
if we define 

AK.’ =u+sin i. 

If K is integral this formula becomes the formula 
derived by Rayleigh for the case of the grating 
coated with a transparent material with refrac- 
tive index yu. By using this formula, it was 
found that values of K,’ for the sharp edge of 
the dark band were exactly integral. In the case 
of the bright band the values of A obtained are 
plotted in Fig. 2. In this case n—A=Ky,’. 

Some bright bands were found (without visible 
continuous background) between the central 
image and the blue first orders on either side. 
¢ was 64° 32’. Values of @ at which these bands 


JOHN STRONG 








TABLE V. Bands exhiltted between zero and first orders by 
grating C : 
¢= 64° 32’, 
0 DESCRIPTION 
Uncoated grating: 
+7° 50’ green sharp 
+8 18 green sharp 
+9 18 red sharp 
+14 10 green sharp weak 
+15 05 red sharp weak 
—7 49 green diffuse strong 
—8 17 green diffuse strong 
—9 14 red diffuse strong 
—12 13 red diffuse weak 
—12 50 green diffuse weak 
—14 07 green diffuse weak 
—14 58 red diffuse weak 
Silvered grating: 
+9° 28’ red 
+15 29 red 
—8 30 green diffuse 
—9 30 red diffuse 





were observed are given in Table V. They were 
found to be present chiefly in the light coming 
from the edges of the grating. 


CONCLUSION 


1. The Wood anomalies of spectral energy distribution 
are frequently developed by evaporating certain metallic 
films on gratings which do not otherwise exhibit bands. 

2. Metal films with good reflectivity and, at the same 
time, high conductivity give the most and strongest bands. 

3. Bands occur in all orders of spectra at the same 
wave-length for a given angle of incidence. 

4. The bands were strong only for a very narrow ruling. 

5. Rubbing with a rouge pad does not affect the bands 
produced by a fine ruling. 

6. Groove form apparently has an influence on the 
bands. This is manifest as asymmetry in intensity when i 
and é are interchanged. 

7. The typical case illustrating the phenomenon as 
exhibited by grating C is a double band, a bright band 
together with a dark band. 

8. The dark band has a sharp edge which falls at 
the wave-length predicted by Rayleigh’s relation at a 
position which is independent of the nature of the film 
which develops the band. 

9. The bright band is displaced from the dark band an 
amount which depends on the nature of the metal film and 
wave-length of the position of the band in the spectrum. 
Presumably, this displacement depends upon the optical 
constants of the metal film which forms the surface of 
the grating. 


In conclusion I wish to express my appreciation 
for the assistance I have had from Dr. John A. 
Anderson during this investigation. 
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The Spectra of Phosphorus 


Part I. The Spectra of Neutral and Singly Ionized Phosphorus 


Howarp A. Rosinson,* George Eastman Laboratory of Physics, Massachusetts Institute of Technology, and Uppsala, Sweden 
(Received December 18, 1935) 


Investigation of the discharge emitted by a Geissler 
tube containing phosphorus vapor has resulted in the 
revision and extension of previous work on PI and PII. 
Twenty-two new terms classifying thirty-six lines of P I 
have been located. These lines also appear in a 25-ampere 
carbon arc containing calcium phosphide. The ionization 
potential is lowered tentatively from 11.1 to 10.9 volts 
and reasons are given for believing that this last value is 
still a few tenths of a volt too high. Term separations are 
in good agreement with values calculated by the method 


GENERAL AND EXPERIMENTAL 


HE spectra emitted by phosphorus vapor in 

a Geissler tube discharge have been meas- 
ured by means of the two-meter normal incidence 
vacuum spectrograph! of the Carnegie Institu- 
tion of Washington which is located in the Spec- 
troscopy Laboratory of the Massachusetts In- 
stitute of Technology. The electrical equipment 
consisted of a 25,000-v transformer connected to 
an external spark gap and four Leyden jars. In a 
discharge of this type the phosphorus quickly 
polymerizes into a very stable yellow brown 
substance of low vapor pressure. To keep the 
element in the discharge it was therefore neces- 
sary to distil the (yellow) phosphorus into the 
tube between the capillary and the back elec- 
trode. Spectrograms were taken of phosphorus in 
helium and phosphorus in argon. The same 
source was photographed in the visible region of 
the spectrum by using a 21-foot grating in the same 
laboratory. No new lines were found and lines 
classified in this region have been taken from 
Geuter.? Because of the stigmatic qualities of a 
normal incidence spectrograph a partial segrega- 
tion of the lines into the various stages of ioniza- 
tion was possible. The short lines appearing only 
in the capillary arise from P III and P IV, the 
longer lines arise from P I and P II. It has been 


possible to extend the classification of P I, P II, 


“Irving Langmuir Fellow, American-Scandinavian 
Foundation. 

Compton and Boyce, Rev. Sci. Inst. 5, 218 (1934). 

*Geuter, Zeits. f. Wiss. Phot. 5, 1 (1907). 


of Goudsmit and Humphreys. Isoelectronic sequences 
with SII, CI III, and ATV indicate that some changes in 
SII classifications are necessary. Fifty-two new terms 
have been located in P II. These classify 194 lines in both 
the Schumann and visible regions of the spectrum. Nearly 
all of the expected singlet terms have been found. More 
than twenty intersystem combinations allow the singlet 
and triplet sequences to be located accurately with respect 
to one another. The P II ionization potential is 19.56 volts 
which is lower than the previously accepted value. 


and P III, while a series of intersystem com- 
binations has been found for P IV. No lines of 
higher stages of ionization were found. The higher 
spectra will be described in parts of this paper 
which will follow shortly. It is hoped that exten- 
sions to even higher stages of ionization will be 
made by means of the grazing incidence spectro- 
graph at Uppsala. 


NEUTRAL PHOSPHORUS—P I 


The spectrum of neutral phosphorus appeared 
quite strongly in the discharge hitherto referred 
to. It has been possible to identify twenty-two 
new terms (in some cases tentatively) and to 
classify thirty-six new lines. A twenty-five 
ampere vacuum arc using calcium and copper 
phosphides in carbon electrodes was run in order 
that some of the weaker lines might be verified 
as belonging to P I. In this source a few P II 
lines appeared but could easily be recognized. 
Because of the many-line spectrum which 
appears in this region, arising from impurities in 
the carbon, it was impossible safely to carry the 
analysis any further. The lines here classified 
appear in both the arc and the Geissler tube 
exposures. 

Table I contains a list of all terms so far iden- 
tified in P I with their separations as calculated 
according to the method of Goudsmit and 
Humphreys.’ It will be seen that in most cases 

3’ Goudsmit and Humphreys, Phys. Rev. 31, 960 (1928). 


In the above calculation a; has been neglected with respect 
to A}. 
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TABLE I. Theoretical and observed term separations. 








PI CALc. Oss. CaLc Oss. 
stpt+s *Piye 157.6 4s 151. 131.5 134.9 
5s 146. 184.1 202.2 
| 2D 263.0 57.1 
263.0 4s 249.1 | s*p?-d 4Piy2_s —78.8 —76.6 
5s 322.1 yes 131.5 —108.0 
P — 157.6 +141.6 
Pp 315.0 297.6 ‘Disease 26.3 
p?-p *Pije 78.8 16.8 3/2~5/2 43.7 41.1 
131.5 183.9 = 61.3 - 
J | 157.6 117.2 2p 87.4 - 
1D, 78.8 76.6 | 1F 3)9_ 5/2 87.4 75.1 
F 245.2 298.7 


here as in the analogous spectra N I, O II, and 
S II the agreement is quite good. As in O II® the 
greatest deviation appears in some of the 
doublets. The 3d ?P which shows the largest dis- 
crepancy is quite close to the corresponding ‘P. 
The 4p?D has been identified by Kiess* on the 
basis of a single transition and therefore should 
be regarded as a tentative value. The 5s *P terms 
must also be regarded as tentative assignments 
for this same reason, although in all cases these 


‘ Kiess, Bur. Standards J. Research 8, 393 (1932) 
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and only these sets of lines satisfy both separa- 
tion restriction as set by the theory of Goudsmit 
and Humphreys and absolute term values as 
predicted by the irregular doublet law. In all 
cases except the 3d ‘*D the lines identified were 
the only P I lines within several thousand cm™, 
Kiess’ X term is here designated as (‘D) 
4s *D3/2, 5/2 in which term the separation should 
theoretically be zero. The terms which he has 
designated as 3d*P form according to their in- 
tensities an inverted doublet and hence the J 
values have been reversed. The separation is that 
which one should expect for the sp* configuration 
and is negative and slightly less than the sepa- 
ration for ~*4s *P. This term is peculiar in that 
it shows no combination with the metastable 
s*p®*D. These terms were originally found by 
Miss Saltmarsh® and identified in terms of our 
modern nomenclature by McLennan and McLay: 
Because of the new Schumann region measure- 


§ Saltmarsh, Phil. Mag. 47, 874 (1924). 
® McLennan and McLay, Trans. Roy. Soc. Canada (3) 
21, 63 (1927). 


TABLE II. Complete term table P I. 





3523 p3 4805/9 §0.00 
3s23p3 2D%3;2 $11,361.7 
14.8 
2205/2 $11,376.5 
3523 p3 2Py;2 §$18,722.4 
25.7 
2P 5/2 $18,748.1 
(@P)4s *Pis $55,939.23 
151.21 
‘Pa $56,090.59 
249.09 
*Ps/2 $56,339.68 
(@P)4s *Piye §57,876.8 
297.6 
P §$58,174.4 
spt ‘Pp 59,533.4 
— 180.2 
‘Psy2 59,7 13.6 
— 105.0 
{Piye 59,818.6 
(D)4s *Days. 2 65,156.6 
(P)4p 4D%/2 §65,373.6 
76.6 
4D%3/2 §65,450.2 
134.9 
4D0sie §$65,585.1 
202.2 
4D%)2 $65,787.3 
@P)4p *P%1 2 $66,343.4 
16.8 
4POs;2 $66,360.2 
183.9 
4P%5/2 §$66,544.1 
(3P)4p 2D 3/2 66,813.1 
57.1 
2D%s/2 66,870.2? 
(P)4p 4S%3,2 §$66,834.5 
sp* 2P a2 67 ,908.6 
—217.6 
2Piye 68,126.2 


(GP)4p 2P%;2 $67,970.2 
117.2 
2P%372 §68,097.9 
(@P)4p 28% 2 68,473.2 
QG@P)3d °F 5/2 70,391.3 
298.7 
2Fr/2 70,690.0 
(*P)3d *Diy 
‘Da: 70,637.5 
41.6 
‘Ds, 70,778.6 
4D; 
sp4 2Dsy2 71,168.3 
—34.3 
2Daye 71,202.6 
@P)3d *P sy 72,386.6 
— 108.0 
IP se 72,494.6 
—76.8 
‘Pie 72,5714 
(P)3d *Piy 72,741.9 
141.6 
*Pa2 72,883.5 
spe 2Siy2 72,943.3 
(3P)3d %Ds5;2? 73,248.1 
@P)S5s *Piys 75,064.6? 
146.7 
*Pa2 75,211.3? 
322.1 
{Ps;2 75,533.4? 





§ Terms from Kiess modified on the basis of new measurements. 








para- 
dsmit 
es as 
in all 
were 
em7), 
(1D) 
10uld 
» has 
ir in- 
he J 
that 
ation 
se pa- 
that 
table 
1 by 
our 
ay! 
sure- 


la (3) 


198.7 


41.6 


86.6 
94.6 


71.4 


64.6? 
11.3? 


33.4? 








SPECTRA 


OF PHOSPHORUS 299 


TABLE III. Classified lines in P I. 


COMBINATION 


I § A(vac) »(cm™~!) 
3 1323.918! 75,533.4 3p4SO — Ss *P sz 
3 1329.587! 75,211.3 — 5s *Pan 
2 1332.186 75,064.6 — 5s *Pij2 
8 1377.954 72,571.4 3p 48° — 3d 4Piye 
8 1379.413 72,494.6 — 3d *P32 
8 1381.472 72,386.6 — 3d *Psy2 
2d 1412.857 70,778.6 3p4S® — 3d 4D 
i 1415.678 70,637.5 — 3d *Dsy2 
7 1491.357 67,053.0 3p S — 3d *F 5/2? 
7 1493.030 66,977.9 — 3d *F 3/2? 
1 1616.248 61,871.7 3p *D%sj2 — 3d *Doj2 
0 1625.450 61,521.4 3p 22 — 3d 2*P ajo 
i 1625.825 61,507.2 3p *D%By2 — 3d *P 3/2 
1 1629.191 61,380.2 3p *D% yo — 3d *Py 
6 1671.070 59,841.9 3p *D%By2 — sp*2*Ds 
i 167 1.546 59,824.9 3p *D%sj2 — sp**Daye 
6 1671.720 59,818.6 3p 4S® — spt sP, 
2 1672.032 59,807.5 3p 2D%3n — sp**Daye 
6 1672.499 59,790.8 3p °2D%j2 — sp*2Dsy2 
12 1674.661 59,7 13.6 3p 4S®  — spt 4sPs 
12 1679.730 59,533.4 3p 430 — spt tP oye 
00 1683.002 59,417.6 3p *D%By2 — 3d *D5;2 
11 1685.957 59,313.5 3p *D%sjo — 3d °F 2/2 
10 1694.055 59,030.0 3p 2D%3;2 — 3d 2F 5/2 
1 1694.498 59,014.5 3p 2*D%j2 — 3d °F 52 
6d *1719.333 58, 168.9 3p4S0 — 4s*Pap 
12 *1774.942 56,339.9 3p4S® — 4s *P sy 
12 *1782.830 56,090.6 — 45 *Pap 
12 *1787.686 55,938.2 — 45 *Pip 


! Note added after submission of manuscript. 





I A(vac v(cm~!) COMBINATION 

1 1834.866 54,499.9 3p *P%syn — 3d *Dsye 

1 1844.326 54,220.3 3p 2P% 19 — spt2s 

1 1845.165 54,195.7 3p *P%sy2 — sp**S 

8 1847.215 54,135.6 3p 2P%s2 — 3d *P aya 

8 1851.144 54,020.6 3p *P%y2 — 3d *Piye 

2 1852.032 53,994.7 3p 2P% 32 — 3d 2Piye 
12 **1858.924 53,794.6 3p *D%arn — (OD) 4s *Days, sre 
12 **1859.401 53,780.8 3p 2D%52 — (D)4s *Daje, 2 
2d 1864.376 53,637.2 3p 2*P%sy2 — 3d *P 2 

2 1905.456 52,480.9 3p 2*P%12 — sp**Daye 
2— 1906.424 52,454.2 3p 2P% 32 — sp**Daye 

3 1907 .663 §2,420.2 3p 2*P% 3. — sp**Doye 

6 **2024.127 49,404.0 3p 2*P%y2 — sp**Piy 

6 **2025.202 49,377.8 3p 2Psy2 — sp**Piys 

8 **2033.104 49,185.9 3p *P%j2 — sp**P aye 
10 **2034.146 49,160.7 3p *P sy. — sp**P aye 
10 *2136.142 48,813.4 3p *D% spp — 45 2P aye 
11 *2136.875 46,797.3 3p *D%s2 — 4s *P aye 
12 *2149.787 46,516.2 3p *D%n — 45 °Pi 
11 **2153.630 46,433.2 3p *P%\2 — (D)4s *Dayr 
12 **2154.761 46,408.9 3p 2P% 2 — (1D)4s *Days, 
0 *2224.047 44,963.1 3p *D%pp — 4s *P oye 

0 *2236.430 44,714.1 3p *D%syp — 45 *P aye 

1 2243.189 44,579.4 3p 2s). — 4s *Piye 

0 2433.680 41,090.0 3p *P ire — sp* *Pipe 

2 $9435.07 10,595.9 4s2%Py2 — 4p 29% ye 

1 $9706.80 10,299.2 4s?P - 4p °S%iy2 


In rechecking the list of wave-lengths for possible impurities I find that the two lines 1323.918 and 1329.587A listed in the P I classifications are 
coincident with two lines in the Carbon I and Carbon II spectrum respectively. While in both cases the lines are relatively stronger than other lines 
of equal intensity in the carbon spectra it is felt that doubt may reasonably exist as to the validity of the tentative assignment for the P I 4s ¢P set 
of terms. With these terms missing it is, of course, impossible to calculate an ionization potential from the available data although the I.P. as form- 


erly published must still be too high. 
§ This list contains all lines classified in the Schumann region. 
* Classifications from McLennan and McLay (6) and from Kiess (4). 


** Lines have had their former identifications changed in this investigation. 


t+ Wave-lengths from Kiess (4). 


ments it has proven necessary to shift all of the 
formerly published terms by about 4.5 cm. A 
complete term table will be found in Table II 
where these modifications have been made. If the 
tentative 5s *P set of terms be used to calculate 
an ionization potential one obtains 88,560 cm™ 
which is rather lower than the former value. 
Edlén’ has plotted the ionization potentials for 
the first two short periods. The single discrepancy 
in his curves occurs at PI where the I.P. is too 
high. The new value 10.9 volts while still high 
appears to be rather better. 

The former ionization potential was calculated 
by Kiess* using the ground 3s*3p*+S and the 
metastable *P and *D and similar terms arising 
from the 3s%3p%4p configuration. Such series 
deviate considerably from simple Rydberg series 
inasmuch as the ground terms arising from 
equivalent electrons always show much too large 
a quantum defect. When higher members of the 





*Edlén, Zeeman Verhandelingen (Martinus Nijhoff, The 
Hague, 1935), p. 88. 


3s*3p*ms series can be found the accurate I. P. 
obtained will undoubtedly be lower than that 
given here. In P II the corresponding change has 
resulted in a lowering of the I.P. by 0.2 volt. 

In Table IV the results of the irregular doublet 
law for this isoelectronic sequence are assembled. 
The term which shows the greatest disagreement 
is the (®P)3d *D. The same disagreement is found 
in the N I isoelectronic sequence, i.e., the dif- 
ferences decrease instead of increase with de- 
crease in atomic number of the element. The 
(®P)3d*P and ?P also require special mention. 
In Cl III these terms are well above the ‘D, *F 
and *D, *F terms of the same configuration. In 
S II the ‘P has been assigned a value by Bartel 
and Eckstein® on the basis of its infrared com- 
binations with 4 terms. This *P is not in agree- 
ment with these new assignments in P I. Pro- 
fessor Bowen has kindly informed me that he has 
provisionally identified this multiplet otherwise. 


8 Bartel and Eckstein, Zeits. f. Physik 86, 77 (1933). 
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TABLE IV. Irregular doublet law for P I isoelectronic 
sequence. 








stps 2P3 —sp* 2P3 ” 


PI 49,260 
31,767 
SIl 81,027 
Cl Ill _ 25,194 x2 
AIV 131,325 
S*p3 4S3/2 —sp4 *Psy2 S*p? 4S3y2 —3d *Daye 
Pi $9,533 70,779 
19,862 43,352 
SIl 79,395 114,231 
19,125 37,618 
ClIII 98,520 151,849 
19,044 
AIV 117,564 
S*p3 4S3/2 —3d 4P 3/2 S*p3 4Say2 —3d 4*F sj2 
PI 72,387 66,977 
58,432 43,336 
SII 130,819 110,313 
48,676 36,437 
CII 179,495 146,750 
SP *D5;2 —3d *Dsj2 3p *P 3/2 —3d *P x2 
PI 61,871 54,135 
42,541 61,308 
Slil 104,412 115,443 
60,511 40,489 
ClIII 164,923 155,932 


S*p? 4S3yo —5Ss *P 2 v2 3p *Dsja — CD) 4s *Dsye vi/2 
75,53 PI 53,780 


PI 75,533 275 232 

114 94 
SII 150,996 389 SII 106,647 326 

107 87 
ClIII 246,139 496 CIIIl 170,270 413 








The value given by Bowen’ is the one tabulated 
in Table IV. It will be seen that the agreement 
is satisfactory. Ingram" has classified a single 
term in S II as (*P)3d?P3,2 the term with J=} 
being unknown. It appears that this term is also 
too low on the basis of the P I and Cl III assign- 
ments and that the ?P, of which the electron con- 
figuration is unknown, which lies at 139,845.6 
(J =4) and 140,015.7 (J =3/2) is the correct one. 
Table IV also uses this value for these terms. 
The agreement is not so satisfactory as is the 
case with the *P. These terms are, however, 
manifestly irregular. The ?P separation in S II 
is thus seen to be positive as in P I instead of 
negative. In Cl III, however, the term is negative 
as it should be. 

This classification of P I includes all of the 
strong lines which appear in the arc with the 
exception of two at \1491.357 and \1493.030. 
(Intensity in each case 7.) The position and 
separation of these lines is consistent with the 
classification s*p* “S— (°P)3d *F3/2, 5,2. As might 
be expected, terms arising from this classification 
show no combination with the s*f**D or 2P. 


® Bowen unpublished material. 
10 Ingram, Phys. Rev. 32, 173 (1928). 
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While the above transitions do not occur in the 
first short period one does find s*p* 4S— (°P)3d 2F 
which is fairly strong. This transition arises, 
however, because of perturbation between the 
(®P)3d?F and the (#P)3d+*D. No such perturba- 
tions appear to be present here. 


SINGLY IONIZED PHosPHORUS—P II 


The term table of P II has been enlarged by 
the addition of fifty-two terms including both 
singlet and triplet terms. The two systems are 
accurately located with respect to one another as 
among the 194 new lines classified there appear 
more than twenty intercombinations. Bowen's 
former classification of the 3d triplet terms have 
been considerably altered. These alterations are 
strengthened by several facts. New data on other 
members of this isoelectronic sequence indicate 
that the old values for the 3d*P term were too 
high and that the *P and *D should probably 
overlap. This has been found to be the case. As 
a result only the assignment of J values to the 
new terms appears to be of physical significance, 
the Z values being somewhat arbitrary. The 
present assignments are supported, however, by 
the discovery of two higher terms 5d *P arid 6d *P 
showing definitely that the terms as here assigned 
go to the *P3,2 P III limit instead of the *P, 
limit. This is according to the Hund theory as 
the *D terms should approach the lower limit. 
It will be noticed from Table VII that, as in Si I, 
the quantum defects increase at first for these 
terms but gradually approach a constant value. 
The L values in the 4d triplets were originally 
given the present assignments because of the 
intensity of their combinations with 4p *S. The 
terms assigned to the 4d *P combine much more 
strongly than do those attributed to *D. This 
assignment is substantiated by the restrictions 
set by the two limits in P III. A search has been 
made for the 3d*F by means of its (forbidden) 
combinations with the ground *P: and meta- 
stable ‘D2. The two terms given were found in 
this manner. They cannot be substantiated by 
combinations with the set of new high even 
levels, however, as the region of the spectrum 
in which the lines would lie has been very inad- 
equately measured. Certain of these transitions 
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appear in the lines listed by Déjardin™ but as the 
measurements are valid only to an Angstrom 
they have not been listed. In other cases, notably 
the 6s*P,, where the reality of the terms has 
been established by other lines in Geuter’s list 
Déjardin’s measurements have been used. 

In Bowen’s original classification two terms 
were identified as belonging to the 3d *P group. 
Of these terms the first now proves to be sp* *S;. 
The second here designated as 1° appears to 
show combinations among the set of new high 
even terms. Two of the resulting lines 4561.93 
and 4522.92A have been assigned by Déjardin"™ 
to P III; hence the validity of this term is some- 
what in doubt. One other line has been assigned 
to P III in the same manner—2229.241. All other 
lines classified in Table IX either have been 
assigned to P II definitely or P III provisionally. 

The set of high even terms listed separately 
may be expected to contain the 4f and 5p 
singlets and triplets as well as terms arising from 
the p* configuration. Since so many of these 
terms have been found, whose validity cannot 
be questioned because of the large number of 
lines classified by each, it would appear that 
terms approaching the P III *P limit are also 
included. While quartet terms are known in P III 
no intercombinations have been found to con- 
nect them with the doublet system and hence the 
limit may be quite far from that provisionally 
assigned by Bowen.” For this reason no general 
attempt has been made to assign electron con- 
figurations to these terms although certain of the 
singlets have been provisionally classified on the 
basis of their strongest combinations. It must be 
realized, however, that the division of terms 
arising from the 4f configuration into singlets 
and triplets has, as Edlén™ has shown in his 
oxygen classification no significance whatsoever. 

The limit has been calculated by fitting a Ritz 
formula to the s'P and s*P terms. The singlet 
series approaches a limit only 188 cm™ above the 
*P, term of P III instead of 560 cm™. The *P; 
terms approach a limit which is 609 cm™ higher. 
Thus while the triplet series would indicate a 
limit of 158,653 cm™ the singlet series limit is 
lower. The best value for the ground state is 





" Déjardin, Can. J. Research 7, 556 (1932). 
® Bowen, Phys. Rev. 31, 34 (1928). 
8 Edlén, Zeits. f. Physik 93, 726 (1935). 
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thus 158,550 cm™. This lowers Bowen's value of 
the ionization potential from 19.8 volts to 19.56 
volts. It is possible that a full knowledge of the 4f 
terms will change this value by a small amount. 

The present triplet assignments are in satis- 
factory agreement with the irregular doublet 
law as may be seen from Table X. The singlet 
terms, however, have with one exception not been 
found in S III so that no complete comparison is 
possible. The three 'P, terms arising from the 
s*p-s configurations can be calculated, however, 
from the separations of the corresponding triplet 
terms by Houston’s'* method. How well this is 
verified in this and other terms in this isoelec- 
tronic series may be seen from Table V. 

It will be seen from Table X that the low meta- 
stable 'D in S III provisionally identified by 
Bowen" is substantiated by the new value in 





TABLE V. 
Sil Pil CLIN 
4s 'P; 5s 'P, 4s'P 5s 'P, 6s 'Py 4s'P; 5s'P; 


211,788 116,037 
211,772 116,105 


cale. 24,773 10,737 69,672 34,087 20,514 
obs. 24,773 10,895 69,657 34,116 20,491 








TABLE VI. Forbidden transitions of possible astrophysical 
importance in P II. 





CLASSIFICATION v 
3P; —1So 21,410 cm™ 4,669A 
1D2—1So 12,704 7,869 
3Pi—'Des 8,706 11,483 
*P2—1D2 8,403 11,897 





TABLE VII. Rydberg denominators in P II. 








A. TERMS TO *Piy: P IIT 








TOTAL 
QUANTUM 
NUMBER s3Py p *D d*De: d ‘Fy; P 4S; 
n=3 2.8372 2.570 
n=4 2.4722 2.8196 3.7837 3.6242 2.8902 
n=5 3.5367 3.8956? 
n=6 4.565 
B. Terms to *Psn P Ill 
Total 
QUANTUM 
NUMBER /)p *P: d'*P: s'Py Pp 'So PP, 
n=3 1.6879 2.8129 
n=4 2.8779 3.7295 2.5003 3.0242 2.9426 
n=5 4.6828 3.5579 4.0723? 3.9468? 
n=6 5.6833 4.5644 
p'Ds d'P, d'D: d'F; I'Ds 1'Fa 
n=3 2.9413 2.8739 2.1925 
n=4 2.9284 4.0039 3.8577 4.0064 4.0294? 4.0415? 
n=5 3.9460 
n=6 











4 Houston, Phys. Rev. 33, 297 (1929). 
1 Bowen, Phys. Rev. 46, 377 (1934). 
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and s*p-3d. From the first configuration we get 
(P°, 1D", 35°, §P°®, 3D° and from the second 'P°, 
11-9, | F°, 3P9, 3°, 3F° terms. The singlet and 
triplet P’s and D’s have been the subject of some 
controversy particularly in Si I and P II as it 
has been impossible to be sure which terms arise 
from which of the two possible configurations. 
In the first short period of the periodic table this 


P II. The 4S) term, however, appears to be incor- 
rect. The forbidden transitions in P II which 
might be expected in nebulae or novae are listed 
in Table VI. They do not correspond to any of the 
present unknown lines found in such sources. 

It will be noticed that in the ions that are iso- 
electronic with Si I low odd terms are predicted 
which arise from the electron configurations s’* 


TABLE VIII. Term table P II. 

















3523p? 3Po §158,550.0 IP; §53,246.4 
166.6 247.3 
5P; §$158,383.4 3P2 §52,999.1 
303.7 
3P» $158,079.7 3d iD 52,.586.9 
3823p? '!De 149,677.4 4p *S1 §52,547.5 
3s*3p? 1S) 136,973.6 3d \F 51,186.5 
sp? 3p, §93,298.2 4p 'De 50,625.8 
21.1 
3D §93,277.1 3d ip, 50,178.2 
34.8 
3p? §93,242.3 4p 'P, 50, 132.6 
sp3 3P 0 §$81,785.1 sp? 48,9 §48,295.1 (3d °P} 
48.8 1%» §48,258.7? (3d °P 
3P,o $81,736.8 164.6 
—11.2 2%, 3 48,093.1? 
3P 9 $81,725.6 4p 'So 47,435.2 
5s %Po° §35,204.6 
sp? 1De 80,839.2 111.3 
3P,0 §35,093.3 
4s 30 §71,951.0 435.3 
146.1 sp? §34,658.0 
spo §7 1,804.9 
381.0 Ss 1P,° 34,116.2 
sp §$71,423.9 4d 3F 33,594. 1 
174.6 
4s ip, 69,656.5 Pd 33,419.4 
262.1 
3d jf 0 66,641? 7 33,157.3 
184 4d 43D 31,216.4 
ae 66,457? 3P 90 §31,181.3 (« 
IF Ye a 232.5 
3p \o §$30,948.8 (X; 
sp} 1p,0 55,751.6 349.9 
4p sD §55,383.3 3P° $30,598.9 (x 
173.5 3D 29 §30,659.8 (x2 
3Do §55,209.8 —45.5 
328.7 3p, §30,614.3 (x 
3Ds §54,881.1 
4d 1D 28,938.0 
3d py 54,917.7 
— 123.1 4d iP, 26,820.9 
spy 54,794.6 4d 1F; 26,785.6 
sp, 54,614.2 6s 3Po 21,117 
117.4 53 
spe §$54,496.8 (3d *D;) 3p, 21,064 
48.2 514 
3d 3D? §54,448.6 (3d *D2) ape 20,550 
3P” 54,331? 6s iP; 20,491.6 
5d #*P? 19,458. 1 
4p 3Po §53,324.5 
78.1 6d 3p 13,030.2 
HicH Even TEeRMs HicH Even TERMS 
PROBABLE TERM PROBABLE TERM 
J VALUE DESIGNATION | j VALUE DESIGNATION 
1 28,924.5? 1 Sp 3S? } it 26,467.6 2 4f \D2? 
2 28,310.4 2 |} 12 26,415.9 2,3 : 
3 27,723.8 ea 13 26,386.4 2 
4 27,631.1 2 5p ‘D2? 14 26,343.1 2 
5 27,600.4 2 15 26,314.0 3 4f '\F3? 
6 27,580.0 1 Sp Pi? | 16 26,195.3 2,3 
7 27,229.5 2 17 26,178.8 1 
8 26,948. 1 1,2 18 26,153.0 2 
9 26,916.9 2 19 25,908.5? 0, 1 Sp 'So? 
10 26,897.9? 20 25,131.2? 1 
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TABLE IX. New classifications in P II. 


CLASSIFICATION 


4p 'Pi 
4p'De 
4s 3P2 
4s *P\o 


4s sp, 
4p 'De 
2° 
4p 3Ds 
20 


{4p 3P2 
{ 20 


{4p *Di 
{4p *De 
10 

4s *P9° 
2° 

10 

10 

1° 
sp*3Si° 
4s 'P,? 
3d 1p, 
3d 'Py 
3a ' Py? 


5s *P? 
5s §P;° 
4p Daf 
4p *Di§ 
Ss IP, 


4p ‘D3§ 


4p 'So 
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3308.85 
3175.14 
3157.73 
3130.30 
3124.30 
3111.5 
D 3106.5 
D 3099.0 
D 3080.6 
2980.6 
2958.7 
2927.43 
D 2912.8 
2912.01 


A (vac) 


12501.99 
*2501.676 
*2498.081 
*2496.756 

2486.524 
*2484.902 
*2482.733 

2481.453 


* 


2210.998 
2135.75 

1879.619 
1854.520 


1846.762 
1837.392 
1836.441 
1828.612 
1806.640 
1806.095 
1805.089 
1800.243 
1799.907 
1799.064 
1797.484 
1774.10 
1553.392 
1543.638 
*1543.144 
*1542.321 
1540.07 
1539.232 
*1536.459 
*1535.955 
1£34.497 
*1532.558 


1523.445 
1522.633 
1522.151 
1521.683 
1514.072 
1513.546 
1507.649 
1506.975 


1506.461 
1494.990 
1493.343 
1489.834 
1485.530 
1473.129 
1467.424 
1466.989 
1452.949 
*1310.685 
*1309.877 
*1305.531 
*1304.688 
*1304.484 
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30,213.3 
31,485.6 
31,659.2 
31,936.6 
31,997.9 
32,130 
32,181 
32,259 
32,451 
33,541 
33,789 
34,145.0 
34,321.2 
34,330.1 
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39,968.2 
39,973.2 
40,030.7 
40,052.0 
40,216.8 
40,243.0 
40,278.2 
40,299.0 


40,729.4 
40,749.2 
42,880.4 
43,026.2 
43,188.4 
43,496.5 
43,702.5 
43,748.0 
43,826.8 
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76,296.0 
76,343.0 
76,597.2 
76,646.7 
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CLASSI 


sp} 1D_e 
4p *Si 
sp} 8Po 
4p *P2 
4p *Si 
4p *Pi 
4p *Pi 
4p *Pe 
4p *P2 
4p *Ps 
4p *Pi 
4p *Ds 
4p 3D; 
4p *Ds 


CLASSI 


4p *P; 
sp) 3D\o 
spi 3pe 
sp? 3D, 
4p *Pe 
spi3De 
sp) 3p 
sp? sp, 
sp? 3D? 
4s (Py 
sp? 8D, 
4s *P\ 
4s *Po° 
4s 'Py' 
4s *Py 
4s 3P? 
is (Py 
4s *P? 
4s 3Py? 


4s 3? - 


4s 3P,° 
4s 3p 


4s §P - 


4s *Po° 
sp? '\D° 
sp) 'pDP 
sp? 3P° 


FICATION 


— 4p'Dz 
—_ 6s 3P,o 
— 4p'P; 
— 6s §P;° 
— 6s 3P 
_ 6s 3P,° 
— 6s *P;° 
— 6s 3P,° 
— 6s 3P 
— 5d*P 
—_ Sd spe 
— 65 ip 
— 6s 3p, 
— 65 *Pe 


FICATION 


— 6d Px 

4p *Po 
= 4p IP; 
— 4p *P; 
= 6d spp 
— 4p *P2 
— 4p *P2 
— 4p *P2 


— 4p 3S; 


— 4p 4S; 


— sp?3po 
— sp?3po 


— sp Ip 
— sp3pe 


— sp}3p,0 


— sp} 3p 


— 4s 3p 


— sp 3p, 


Cems AUdauen 


— 17 
— 4s 1p, 
— sp 1p, 
— 20 

— 20 

— sp* Ip, 
— spi 3Po 
— sp? Py 
— sp3Py 
— sp) 3p, 


- sp? *P9° 
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TABLE IX. 





CLASSIFICATION 








I d (vac) » (cm™~!) 
10 *1301.878 76,812.1 30 Po — sp 1 3Po 
8 1294.645 p*P: — sp*'D 
6 1289.590 3 3P, — sp? 'iDe 
5 1284.352 3p'D: — 4s *P® 
0 1278.094 3p'Dz —.4s *P? 
10 §§1249.818 3p'D: — 4s 'PY 
10 1231.178 3p'So — sp*'P,° 
1 1204.302 3p'D2 — 3d °F 
0 1201.67 3p'De — 34°F? 
10 *1159.085 3p3%P2 — 4s *P,° 
10 *1156.968 3p%*P, — 4s 3Po® 
10 *1155.020 3p3Py — 4s *P,o 
10 *1153.997 3p%P2 — 4s 3P,° 
10 *1152.803 3p%Po — 4s 3P,o 
3 1152.134 3p'So — 3d'P? 
10 *1149.960 3p3P, — 4s 3P2 
1 1130.925 3p*P: — ) Ip, 
1 1124.945 3p*Po — 4s 'Py® 
1B 1091.42 3p3%P2: — 3d 4FY 
2 1093.627 3p*P: — 3d 3F? 
10 11064.783 3p'D: — sp) 'P, 
2 1030.049 3p'D2 — 3d 'D 
10 1015.458 3p'D2 — 3d 'F# 
00 977.258 3p %*P2 — sp? 'P, 
0 974.36 3p 3*P, — sp? ip, 
3B 972.807 3p*Po — sp) 'P,° 
00 972.19 3p'So — Ss 'P;° 
3 969.355 103. 161.3 3p*P2 — 3d 3P2 
3 968.179 103,286.6 3p*P2 — 3d*P,o 
3p3Pi — 343%P2 
5 966.519 103,464.0 \3p3P2 — 3d44D 


ROBINSON 





—Continued. 

I A (v ac) » (cm~!) CLASSIFICATION 
3p*P: — 3d*D} 
5d tt965.43 103,581 \3p*Pi — 3d 3Py 
; § 964.940 103,633.3 3p*P: — 3d*Dy 
2 963.815 103,754.3 3p*Po — 3d Po 
1 963.627 103,774.5 3p*Pi — 3d*D, 
3 962.576 103,887.9 3p3Pi — 3d*D 
3 962.133 103,935.7 3p*Po — 3d *D, 
1 961.062 104,051.5 3p3%Pi — 3d 4p, 
ld 945.17 105,800 3p3P1 — 3d'De 
1 910.876 109,784.4 3p3P: — sp 3S.o 

1 910.587 109,819.2 3p*P2: — 1° 
3p3*Pi — sp>3Syo 

1 908,361 110,088.3 3p3%P2 — 2° 

1 908.050 110,126.0 3p3*Pi1 — 1° 
1 907.841 110,151.4 3p'So — 4d iP; 
1 906.987 110,255.1 3p*Po — sp*3S\o 
1 865.436 115,548.6 3p'De — Ss 'Pyo 
0 813.768 122,885.1 3p'D2 — 4d 1F9 
0 813.082 122,988.8 3p*P2 — 5s *Py 
0 811.901 123,167.7 3p*Pi — 5s *Po 
0 811.080 123,292.4 3p Pi — Ss *Py 
1 *8 10.237 123,420.6 3p*P2 — Ss *Pe 
0 808.241 123,725.4 3p3Pi — Ss *P” 
1 *784.803 127,420.5 3p%*P2 — 4d *D2 
3p3%P2 — 4d3PY 
0 *784.479 127,473.1 \3p*P2 — 4d 3D, 
iB *783.750 127,591.7 3p3*Po — 4d *P; 
1B *782.977 127,717.6 3p%P, — 4d*Dye 
1 *782.630 127,774.2 3p3*Pi — 4d 4D» 








! This list contains all lines classified in the Schumann Region. 


§ Since classifying these lines I have discovered that they appear in Moore, A Multiplet Table of « aavesioals al Interest (Princeton, New 


Jersey). 


* These lines have been classified by I. S. Bowen, Phys. Rev. 29, 510 (1927). 

$§ The classification of this line was originally suggested to me by Dr. Bowen. 

tt The second order of this line coincides exactly with C I 1930.900; hence the separation could not be accurately measured. 
t This line coincides with a line of P IV. The other members of this multiplet are very weak in my exposures 


D lines measured by Déjardin, Can. J. Research 7, 556 (1932). 
S lines measured by Saltmarsh, Proc. Roy. Soc. Al08, 332 (1925). 


III lines have been classified in P III but are assigned by Déjardin to P II. 


B lines blend with other lines classified as P II 
r lines shade to red 

Vb and vb very broad. 

u lines not sharp. 

s lines sharp. 


difficulty does not occur as there, for example, 
electron transitions of the type 2s°2p°—2s2p' 
may be clearly distinguished from those of the 
type 2s°2p°—+2s°2p3d inasmuch as in the latter 
case the total quantum number changes from 
2—3. It appears from the present data that 
Kiess’!* assumption in Si I, that the designation 
here given (and as originally given by Fowler!) 
should be reversed, is not valid. The fact that the 
sp? '\D*D combine with the 4f terms is not suf- 
ficient evidence for his proposed change because 
of the term sequences found which start with the 
3d terms. The 4d*F terms which are known in 
P II and S III can without question be grouped 
with those here designated as 4d *D and °P. In 
the C I isoelectronic sequence the 3d terms are 
almost hydrogen like; it is therefore more than 
likely that the large quantum defects associated 
with the ; - 8D in P II and S III preclude the 


16 Kiess, Bur. Standards J. Research 11, 775 (1933). 
17 Fowler, Proc. Roy. Soc. Al23, 422 (1929). 


other possibility. Two electron jumps of the 
type sp*—>4f are furthermore quite common and 
might therefore be expected in Si I and P II. 


TABLE X. Irregular doublet law. 





3p *P:—3d*Ds 3p *P2—3d *P2 3p *P2—sp* *Si 
Sil 54,033 56,280 (80,300)* 

49,600 47,881 29,500 

Pil 103,633 103,161 109,784 
43,282 39,133 27,447 

SIII 146,915 142,294 137,231 
39,090 38,008 26,149 

163,380 


CLIV 186,005 180,302 


3p 3P: —sp ‘Ds 


3p *Pa— spe sP 








Sil 50, 27 7 45, 099 
26,019 19,738 

PII 76,296 64,837 
21,618 18,430 

SII 97,914 83,267 
21,001 18,261 

CLIV 118,915 101,528 
3p *Pi —3p 'So 3p ‘P1—3p'Ds 

Sil 15,318 6,076 
092 2,327 

Pil 21,410 8,403 
2,084 

SIll 5,324 x2 10,487 
1,938 


CLIV 32,058 12,425 








* Estimated value. 
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] am extremely grateful to Professor George R. 
Harrison under whom the experimental work 
and early part of this classification were done 
and who did much to make this work possible. 
Professor J. C. Boyce very kindly allowed me the 
use of his spectrograph and was ever helpful 
when difficulties arose. Professor I. S. Bowen 
placed much unpublished material at my disposal 
and made several suggestions as to changes in 
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his original classifications. Since coming to 
Sweden the analysis has been greatly aided by 
Professor Manne Siegbahn’s kindness in opening 
his laboratories and library to my use. Docent 
Bengt Edlén has been very helpful in discussing 
several difficult points. I wish also to thank the 
American Scandinavian Foundation for having 
given me the opportunity of continuing this 
work at Uppsala. 
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The Periodic Emission of Light from a Discharge Tube Excited at High Frequency 


AustTIN R. Frey, Department of Physics, Lehigh University 
(Received December 10, 1935) 


An investigation was made of the character of the light 
emitted by a discharge tube containing air at low pressure 
when the tube was driven by a high frequency oscillator. 
A vacuum photoelectric cell operated with an alternating 
driving potential of high frequency was used as a receiver. 
It was found that the light was fluctuating in character 
even when the driving frequency was as high as 10 mega- 
cycles per second, and that the average illumination lagged 
behind the driving potential by an angular amount which 
for the higher frequencies was a considerable fraction of a 


HE purpose of this research was to study the 
fluctuating light produced when a discharge 
tube was driven by a high frequency alternating 
current. The discharge tube was of the ordinary 
Geissler type with cold electrodes. It had a con- 
stricted capillary, 5 cm long and 1 mm in diam- 
eter, and contained air at low pressure. The high 
frequency source was a 50-watt Hartley os- 
cillator. 

As a preliminary experiment a tube of this 
type was driven at various frequencies up to 10’ 
cycles per second, and the discharge observed 
visually in a rotating mirror. Below 3X10° 
cycles per second the light from the tube was 
seen to be definitely of a flickering variety, but 
at higher frequencies it was not possible to 
rotate the mirror fast enough to distinguish 
flicker. 

In order to extend the observations to higher 
frequencies a high vacuum photoelectric cell was 
used as a receiver of the light. The polarizing 


cycle. This indicated that the light emitted from the 
excited atoms persisted after excitation for a time which 
was of the order of magnitude of 5 X 10-8 second. By using 
various path lengths between the source and the receiver 
the apparatus was also used to make a rough determination 
of the velocity of light. The result obtained agreed with 
the accepted value of light velocity within the experi- 
mental error of the apparatus, which was approximately 
5 percent. 


potential for the cell was alternating in character, 
and was derived either from the oscillator driving 
the discharge tube, or from an oscillator of 
exactly double the frequency. Either of these 
methods of operating a photoelectric cell causes 
it to be ‘‘dead’’ during half of each cycle, and 
hence if light which flickers at the same fre- 
quency as that at which the cell is driven falls 
on the cell, the photoelectric current should 
depend on the relative phase of the light and the 
polarizing potential. 

In the method using a single oscillator, the 
oscillator was coupled to two tuned circuits, one 
driving the discharge tube and the other the 
photoelectric cell. The circuit driving the tube 
was in series with an 800-volt storage battery, 
so that the tube was actually driven by an a.c. 
superimposed on a d.c. The purpose of the 
battery was to neutralize one-half of the a.c. 
wave, and thus cause the discharge to occur only 
once per complete cycle instead of twice. Re- 
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TABLE I. Galvanometer deflections (cm) with and without 
phase shifts of 180° between discharge tube and photoelectric 
cell. 


FREQUENCY 
OF a.c 





(kilocycles BATTERY CELL BoTH 

per sec.) DIRECT REVERSED REVERSED REVERSED 
3200 4.6 2.1 1.9 5.0 
5500 3.5 2.0 2.5 4.9 
6500 3.4 1.3 ee 3.3 
2.3 1.0 1.0 2.9 


8100 





versing switches connected in both the cell and 
storage battery circuits permitted approximate 
reversal of the phase of the potentials in these 
circuits. Reversing these switches did not pro- 
duce a change of phase of exactly 180° because 
the circuits were not absolutely symmetrical in 
their electrical layout, and hence throwing the 
switches produced slight variations in the re- 
sidual capacity to ground. These variations were 
sufficient to alter the tuning of the circuits. 
This effect was more pronounced at the higher 
frequencies, but the results obtained indicate 
that it was in all cases quite small. Light from 
the discharge tube was allowed to fall on the 
cell, and readings were made of the deflection of 
a Leeds and Northrup high sensitivity gal- 
vanometer connected in the cell circuit. The 
distance from the tube to the cell was 20 cm 
which was short enough that the time taken for 
the light to travel was negligible in comparison 
with the period of the alternating current. 
Typical results obtained are shown in Table I. 

Analysis of the above results shows that there 
was a distinct change in the photoelectric current 
of the cell when the phase of the potential 
applied to either the discharge tube or the cell 
was altered by approximately 180°. The effect 
was as pronounced at the highest frequencies 
which were used as at the lower frequencies. 

It will be noted that although the galva- 
nometer current was reduced by reversing the 
phase of the cell or light, it did not fall to zero. 
This may be explained by assuming that the 
phase change was not exactly 180° or that the 
discharge tube emitted light for more than half 
a cycle of alternating current. The real cause is 
presumably a combination of the two effects. 

The circuit used in the second method is 
shown in Fig. 1. The discharge tube D was 





























Fic. 1. Diagram of connections with two oscillators. 


operated by the same oscillator as before O, but 
the polarizing battery was omitted, with the 
result that the tube gave two flashes of light 
per cycle. The tuned circuit attached to the 
photoelectric cell P was coupled to a separate 
smaller oscillator Oz: operated at twice the fre- 
quency of the discharge tube oscillator. The 
frequency ratio was maintained by connecting 
the two oscillators together through a smal 
condenser C’ attached to the ungrounded plates 
of the tuning condensers of the two oscillators. 
This coupling, together with the capacity to 
ground of both oscillators, was sufficient to main- 
tain the frequency of the smaller oscillator at 
exactly twice that of the larger, even when the 
former was slightly detuned. A Western Electric 
cathode-ray oscillograph W was used to deter- 
mine the phase angle between the potentials in 
the discharge tube and photoelectric cell circuits. 
External electrodes were employed because the 
potentials in both circuits were much too high to 
apply directly to the regular deflecting electrodes, 
and any method of attenuating them might be 
accompanied by changes in phase. This method 
of deflecting the cathode stream produces entirely 
erroneous results with steady potentials or with 
alternating potentials of low frequency, because 
the accumulation of charges on the interior of the 
glass neutralizes the potential of the electrodes. 
At high frequency however these charges, which 
are carried to the walls by ions of the residual 
gas, have not time to accumulate and external 
electrodes may safely be used. External elec- 
trodes have the advantage of eliminating the 
conduction current which exists between in- 
ternal electrodes, and of reducing the electrode 
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Fic. 2. Variation of photoelectric current with phase relation. (a) Frequency of photoelectric 


oscillator 6X 10° cycles per sec.; (b) frequency 


capacity to a negligible amount. The electrostatic 
deflecting field is however very far from uniform 
and quantitative determinations of the potential 
in terms of the deflection of the cathode stream 
are impossible. The oscillograph, together with 
its electrodes, was carefully shielded from ex- 
ternal fields. 

With the oscillators in operation it was found 
that the phase relation between the potentials 
in the photoelectric cell and discharge tube 
circuits could be readily controlled by varying 
the setting of the tuning condenser of the 
oscillator in the cell circuit. Because of the 
coupling between the two oscillators, and the fact 
that the discharge tube oscillator was much 
more powerful, this did not produce changes in 
frequency as it normally would, but changes in 
phase relation instead. It applied, of course, over 
only a limited range; but in many cases it was 
found possible to vary the “live” peak of the 
photoelectric potential through nearly 180° as 
compared with the peak discharge tube potential. 
Reversing the pick-up coil in the photoelectric 
tuned circuit doubled this range, and enabled 
the circuits to be adjusted to almost any desired 
phase relation. The adjustments had a relatively 
small effect on the magnitude of the voltage 
applied to the cell, and by adjusting the coupling 
between the photoelectric oscillator and its tuned 
circuit the applied potential could in most cases 
be maintained constant. 

The phase angle between the circuits was de- 
termined by visual observation of the pattern on 


of photoelectric oscillator 10’ cycles per sec. 


the screen of the cathode-ray oscillograph. This 
method of reading phase angle is not very precise, 
but it was found that with a little practice 
settings corresponding to 0°, 45°, and 90° lag or 
lead could be made to an unexpected degree of 
precision. 

As in the method using a single oscillator, the 
light path was again made negligibly short, and 
observations were made of the change in photo- 
electric current with change in phase relation. 
Graphs (a) and (b), Fig. 2, show typical results 
obtained at two different frequencies. In each 
the photoelectric current, as measured by the 
galvanometer deflection in centimeters, is plotted 
against the phase lag in degrees of the “live” 
peak of the photoelectric voltage behind the 
peak voltage of the discharge tube circuit. 

It will be noted that the phase difference 
corresponding to maximum photoelectric current 
varied with the frequency. At the lower fre- 
quency illustrated, maximum current occurred 
when the “live” peak of the photoelectric voltage 
practically coincided with peak voltage in the 
discharge tube. As the frequency was increased 
maximum current was obtained by setting the 
photoelectric voltage so as to lag behind the dis- 
charge tube voltage by increasing amounts. At a 
frequency of 10’ cycles per second for the photo- 
electric oscillator the lag was approximately 
3X 10-* second. 

The results obtained showed clearly that the 
light produced by the discharge tube was peri- 
odic in character even when the applied fre- 
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quency was greater than 0.510’ cycles per 
second. Since photoelectric emission does not 
persist for more than 10~* second after cessation 
of illumination! we may assume that the observed 
lag in photoelectric potential behind discharge 
tube potential was largely due to an actual lag 
in the average illumination radiated by the dis- 
charge tube. In other words, when the driving 
frequency had 10’ voltage maxima per second 
the light emitted during the 0.5X10~ second 
after the applied potential had reached its 
maximum value was greater than that emitted 
during the 0.510~7 second which included the 
maximum. Comparison with the results at lower 
frequency indicated that this effect was not 
explained by assuming that a higher potential 
was required to start the discharge than to 
maintain it, and showed that the illumination 
from the excited atoms persisted after excitation 
for a time which was of the order of magnitude 
of 5X10-° second. 

Attempts were made to increase the frequency 
above the limits which have been reported, but 
this was found to give inaccurate results. The 
oscillators which were available became unstable 
and it was difficult to hold them at a fixed 
frequency ratio long enough to make observa- 
tions. We were, therefore, unable to determine 
accurately the maximum driving frequency at 
which fluctuations in intensity would be ob- 
servable, but concluded that this is not less than 
10’ cycles per second, and may be as high as 10° 
cycles per second. 

The apparatus used above has also been 


1 Lawrence and Beams, Phys. Rev. 32, 478 (1928). 
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employed to make a rough determination of the 
velocity of light. It was arranged so that light 
from the discharge tube fell on the cell after 
having been transmitted either directly by a 
short path, or after reflection in a mirror by a 
longer path. The short path was 25 cm in length. 
Several values, varying from about 4 to 12 
meters were used for the longer path. 

The method of making observations was as 
follows. The two oscillators were adjusted to 
have a frequency ratio of exactly two to one. 
Light was first sent over the shorter path to 
the photoelectric cell, and observations of the 
galvanometer deflection were made for various 
phase angles. A screen was then shifted so that 
light was transmitted over the longer path, and 
a similar set of observations was made. The pro- 
cedure was repeated for a number of values of 
the longer path. 

Curves were plotted of galvanometer deflection 
against phase angle, and the angle corresponding 
to maximum deflection read from them. The 
difference in time taken by the light in traveling 
the two paths was determined from the difference 
in phase angle between the two paths and 
the frequencies of the oscillators. The average 
velocity of light as determined was 3.02 X10" cm 
per second. This is in as good agreement with 
the accepted value as should be expected con- 
sidering the method by which it was determined 
and the relatively crude equipment used. 

The work which has been reported was carried 
out at the Cruft Laboratory, Harvard Uni- 
versity. The author wishes to thank Professor G. 
W. Pierce for suggesting the problem and for 
his help and encouragement in its solution. 
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Scattering of High Energy Protons in Hydrogen 


Mitton G. Wuite,* Radiation Laboratory, Department of Physics, University of California, Berkeley 
(Received December 13, 1935) 


7340 photographs of high energy proton tracks in 
hydrogen were taken and the observed frequency of 
scattering was compared with Mott's wave-mechanical 
treatment. Strong anomalies were found when the energy 
of the incident proton exceeded 600 kv. The anomalies 
consisted chiefly in finding about ten times too much 
scattering in the angular range 40°—-45°, where this angle 
is the angle of scattering of the longer tine as measured 
in the observer’s coordinate system. The angular distribu- 
tion for energies less than 600 kv was found to be in accord 
with Mott’s expression to within the rather large statistical 
fluctuations. Although only 74 collisions with an energy 


greater than 600 kv were observed it seems very improbable 
that the distribution can be entirely accounted for by 
statistical fluctuations. Since Mott's formula is based 
upon the assumption of Coulomb forces the experimental 
discrepancies indicate a departure from the inverse square 
law when the energy of the incident proton exceeds about 
600 kv. This means that for a classical distance of closest 
approach of about 6X 10~" the two protons can no longer 
be treated as classical point charges, whereas on purely 
classical grounds there should be no such difficulties down 
to 1/1846 the electron radius or about 107'* cm. 


INTRODUCTION 


HE scattering of high energy protons in 

hydrogen is of especial interest to theoret- 
ical physicists because of the supposed funda- 
mental nature of the proton. As is well known 
the scattering depends upon the character of the 
forces between the colliding particles and in the 
case of Coulomb forces the classical and wave- 
mechanical solutions are exactly the same except 
where identical particles are involved. Mott! has 
calculated the Coulomb wave-mechanical scat- 
tering taking into account the spin and identity 
of the particles. Blackett and Champion? have 
shown that in the case of alpha-particle helium 
impacts Mott’s formula is probably correct pro- 
vided the energy is low, enough to insure the 
applicability of Coulomb’s law. It was already 
known that the scattering of low energy alpha- 
particles by most nuclei was in accord with the 
Rutherford formula (based on the inverse square 
field), but that large anomalies arose when the 
struck nucleus was light and the alpha-particle 
energy fairly high. The explanation was advanced 
that the law of force between two particles is 
only Coulombian at distances greater than about 
8X10-" cm since a more intimate approach than 
this might give rise to polarization forces which 


_* Now National Research Fellow at Princeton Univer- 
sity. 
_' Mott and Massey, Theory of Atomic Collisions (Oxford 
University Press), p. 73. 

* P. M.S. Blackett and F. C. Champion, Proc. Roy. Soc. 
A130, 380 (1931). 


would alter the law of force. Many attempts were 
made to formulate the scattering deviations in 
this way but the outcome was not entirely suc- 
cessful. More recently Taylor* has provided a 
more complete explanation of the scattering of 
high energy alpha-particles by helium and 
hydrogen by assuming that the potential energy 
of the system may be described in the manner of 
Gamow, Condon and Gurney. Of course the 
ultimate nature of the forces necessary to give 
such a potential function is still not understood. 
It is to be hoped that some new information may 
be gained by scattering high energy protons in 
hydrogen for such collisions are presumably 
more easily discussed from a theoretical stand- 
point. On purely classical grounds one would 
expect proton-proton scattering to be charac- 
teristic of Coulomb forces down to distances of 
1/1846 the electron radius or 10—* cm. To attain 
such intimate impacts would require energies not 
now available in the laboratory, but in view of 
the many striking results of nuclear disintegra- 
tion experiments it is well worth while to see if 
the proton does behave like a classical point 
charge or whether it too shows scattering 
anomalies when the distance of closest approach 
is of the order of the electron radius. 

Low energy collisions of protons in hydrogen 
were investigated by Gerthsen,* but the energy 


3H. M. Taylor, Proc. Roy. Soc. A134, 103 (1932); 
A136, 605 (1932). 
*C. Gerthsen, Ann. d. Physik 9, 769 (1931). 
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available was only 30 kv so it was to be expected 
that no deviations from Coulomb’s law would be 
found, and indeed his results agreed with Mott’s 
formula. Wells’ has observed a few swift protons 
scattered in a hydrogen filled cloud chamber. 
His results did not differ much from inverse 
square expectations, but the number of collisions 
was too few to admit of any strict comparison. 
In a preliminary report the author*® presented 
data which indicated strong deviations when the 
bombarding energy exceeded 600 kv. The present 
report confirms and somewhat amplifies the 
previous findings. 


EXPERIMENTAL METHOD 


The apparatus for accelerating the protons to 
high energies was the magnetic resonance ac- 
celerator developed by Lawrence and Living- 
ston.’ The original apparatus was altered to give 
a somewhat more energetic beam than was ob- 
tained by the author in his earlier experiments on 
the disintegration of lithium and boron. In addi- 
tion it was necessary to devise some means of 
getting the protons out of the accelerating 
chamber and into a Wilson cloud chamber. The 
high velocity of the protons and the necessary 
presence of a high magnetic field for acceleration 
made it somewhat diffcult to deflect electro- 
statically the beam away from its spiralling path. 
Although the problem will eventually find a 
solution a subterfuge was resorted to in the 
present case. A thin aluminum foil of 1.5-mm air 
equivalence was inserted in the beam near the 
end of its spiralling journey with the result that 
a few of the protons, on passing through the foil, 
picked up an electron and became neutral and 
being no longer restrained by the magnetic field 
were free to shoot off on a tangent into the cloud 
chamber. Professor Oppenheimer kindly calcu- 
lated for me the probability of capture of high 
velocity electrons under the above conditions and 
found that about 10~‘ of the main beam should 
become neutralized. This result was roughly 
verified experimentally. 

The protons were led into the cloud chamber 
by a suitable flexible tubing terminated by a thin 


5 W. H. Wells, Phys. Rev. 47, 591 (1935). 

6M. G. White, Phys. Rev. 47, 573 (1935). 

7E. O. Lawrence and M. S. Livingston, Phys. Rev. 40, 
19 (1932). 
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lacquer window of 1.5-mm air equivalent. In 
order that the window could withstand a pressure 
of more than an atmosphere it was cemented to a 
copper disk which was pierced by five small holes 
2.0 mm apart and 0.3 mm in diameter. Such an 
arrangement served not only to support the 
window but also to separate the protons into 
more easily photographed groups. A main beam 
current of 10-' amp. was sufficient to give 
several hundred tracks per expansion. However 
it is not possible to use more than about 50 
tracks per expansion because the overlapping of 
the tracks becomes too severe if this number is 
exceeded. 

It was found experimentally that after an 
expansion was made the cloud chamber was 
sensitive for less than 1/60 sec. It is essential 
that the protons enter the chamber during this 
interval because only then is the stopping power 
of the gas known. It is true that the stopping 
power is known before the expansion is started, 
but if.the particles are allowed to enter then, the 
general diffusion of the tracks impairs the pho- 
tography. This diffusion, which is so pronounced 
in hydrogen, can be reduced by the addition of 
about 10 percent of oxygen, but doing so shortens 
the range of the protons by a very appreciable 
amount with a resulting loss in accuracy and 
number of collisions. Of course the range of the 
particles could be increased again by operating 
at a lower total pressure, but still the frequency 
of collisions would be smaller than in pure hy- 
drogen. It was found possible to avoid entirely 
the use of oxygen by proper adjustment of the 
cloud chamber and timing devices described 
below. 

Ordinarily the construction of a shutter that 
would admit protons only upon the completion 
of the expansion would present no difficulties, 
but the use of a rubber diaphragm type chamber 
ruled out the simple mechanical schemes. Fur- 
thermore the action of the shutter had to be very 
fast in order that the particles might enter just 
at the end of the expansion. It was found that a 
delay of even a few thousandths of asecond caused 
dead spots to appear in the chamber, spots where 
the tracks were not well developed. The following 
method proved to be very satisfactory. An elec- 
trical switch was built into the bottom of the 
cloud chamber so that the rubber diaphragm 
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would strike and close it upon completing an 
expansion. The closing of the switch ignited a 
small thyraton which in turn shorted out the high 
grid bias which had been placed on the oscillator 
to suppress oscillations. Provided the anode was 
positive the tube was now free to oscillate and 
produce a proton beam. The operation of this 
cycle of events was of course very rapid. The 
problem of synchronizing the expansion with 
the proton beam was further complicated by the 
pulsating nature of the beam. The high frequency 
oscillator anode voltage was supplied by a 12,000 
volt, 60-cycle transformer and as a consequence 
oscillations take place only during the positive 
half of the cycle. In addition the acceleration of 
the protons is efficient only when the anode 
supply voltage is a maximum; so the net result 
is a proton beam that arrives in bursts every 1/60 
sec. and is of duration not more than 3 X 10- sec. 
It is clear that if expansions are made at random 
the average time delay between the end of the 
expansion and the arrival of the protons will be 
1/120 sec. The appearance of the tracks obtained 
under these conditions was quite unsatisfactory. 
The obvious solution, rectified current for the 
oscillator anode, is rather expensive so a thy- 
ratron timing circuit was devised to cause the 
cloud chamber to start expanding at a definite 
time with respect to the 60-cycle voltage applied 
to oscillator. A complete description is of little 
interest, but in essence it consisted in activating 
the cloud chamber valve magnet by a large 
thyratron which was in turn controlled by the 
60-cycle mains. 

The cloud chamber was adapted from the 
recent design of C. T. R. Wilson in which use is 
made of a rubber diaphragm instead of the cus- 
tomary piston or sylphon. The active volume was 
17 cm in diameter and 4 cm deep, a depth suf- 
ficient to accommodate any scattered particle. 
The chamber was filled with ordinary tank 
hydrogen and water vapor. 

A stereoscopic camera designed by Dr. F. N. 
D. Kurie* and already described by him, was 
mounted over the cloud chamber. The essential 
features of this camera are its compactness and 
the ease with which the finished film may be 
replaced in the camera and tracks measured up 
by reprojection. 


SF. N. D. Kurie, Rev. Sci. Inst. 3, 655 (1932). 


The energy of the particles was determined by 
measuring the range and reading off the corre- 
sponding velocity from Blackett’s® experimental 
range velocity curve. A small correction must be 
made because of the presence of water vapor. 


ENERGY DISTRIBUTION 


The previously reported work was based upon 
2340 photographs containing an average of 106 
tracks per picture. This series of observations 
will be referred to as Series A. In order to arrive 
at the total number of tracks and the distribu- 
tion of energy among them several photographs 
in each run of three hundred expansions were 
examined. Fig. 2A is a histogram based upon 
several hundred tracks and the dotted curve is 
the integral energy distribution curve. Such a 
curve simply shows the number of entering 
protons which had an energy in excess of the 
amount indicated by the abscissa. A glance at the 
typical Series A photograph shown (Fig. 1) 
indicates the difficulty of actually counting the 
number of tracks. The histogram previously 
mentioned was obtained from only those pictures 
in which it was possible to see each track. The 
distribution of energy in the more densely filled 
photographs should be the same since the method 
of reducing the intensity of the beam does not 
affect the energy. The determination of the 
number of tracks in the more dense photographs 
was carried out in two ways, (1) by actually 
attempting to estimate the number by com- 
parison with the less densely populated pictures, 
and (2) by counting the total number of large 
angle oxygen deflected protons. Since there was 
a large number of such collisions it was possible 
to obtain a fair estimate of the total number of 
protons by comparison with the number of such 
collisions in the sparsely filled photographs. Both 
methods are admittedly quite rough but should 
be accurate to 25 percent. Method 1 gave a 
result of 200,000 tracks while Method 2 was 
somewhat higher with 250,000. The larger 
number was taken as more reliable since the 
overlapping of tracks would tend to make the 
directly counted number too low. 

Although the overlapping of tracks made im- 
possible the observation of low energy and small 


*P. M. S. Blackett, Proc. Roy, Soc. A135, 132 (1932). 
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Fic. 1, Stereoscopic photographs of high energy proton collisions in hydrogen. Series A typical photograph 
above; Series B below. 


angle scattering it did not seriously affect the 
high energy scattering, except at very small 
angles, because all such events must occur near 
the beginning of the track. The Series A photo- 
graph shows clearly that near the wall of the 
chamber the five entrant beams are quite well 
collimated and that the chance of observing a 
small angle recoiling proton is quite good. A more 
definite statement regarding the minimum ob- 
servable angle of scattering will be given when 
the scattering data are discussed. The above con- 
fusion was tolerated because the primary goal of 
this research was the study of high energy, large 
angle collisions since such impacts imply the 
closest distance of approach. 

The new data were obtained from about 5000 
additional photographs (Series B) in which the 
average number of tracks per picture was 21 (see 
Fig. 1). It was possible to determine accurately 
that 100,000 protons entered the chamber with 


a distribution in energy as shown in Fig. 2B. Of 
course the efficiency of observation of small angle 
and low energy collisions was much increased. 


CONSERVATION OF ENERGY AND MOMENTUM 


Although a collision between swiftly moving 
protons involves large forces it is not to be ex- 
pected that electromagnetic energy will be appre- 
ciably radiated because of the large masses 
involved and consequent small acceleration. 
Assuming that any energy radiated will not alter 
the momentum of the system one may calculate 
in terms of the observed angles the percentage 
change in kinetic energy during the collision. 


AE cos? (8+ ¢)—cos (8+ ¢) cos (8—¢) 
_ sin? (8+ ¢) 





where AE is the energy change and E£ is the 
energy of the incident proton (see Fig. 6). If 
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Fic. 2. Histogram of energy distribution of protons entering cloud chamber. 

Fic. 3. Angle and energy distribution for proton-proton scattering. A, for Series A photographs; B, for Series B 
photographs. 

Figs. 4 and 5. Experimentally determined angular distribution of proton scattering compared with Mott's theoretical 
curves. 
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Fic. 7. Number of proton-proton collisions showing angle 
y between tines. 


AE=0, then 3+¢=7/2. In the special case 
where # and ¢ are nearly equal (and hence the 
energy exchange is large) one may write, putting 
d+ oe=y, 

AE/E =cos y/(1+ cos y). 


Fig. 7 is a plot of the number of collisions 
found with an angle y between the recoiling 
tines. The forks chosen for the analysis were ones 
in which the incident energy was high and the 
angle of scattering large. It is evident that radi- 
ation of energy would cause y to collapse while 
a gain in kinetic energy would increase y. Since 
it hardly seems likely that energy is gained in the 
collision one must interpret a y greater than 90° 
as an observational error. The similar appearance 
of the curve below 90° indicates that these points 
are also largely observational errors. It is certain 
that in these collisions y does not actually devi- 
ate more than one degree from 90° and one may 
conclude that no energy in excess of 20 kv is 
radiated. Of course the foregoing has no bearing 
on the possible emission of an almost massless 
particle or quantum if the energy is derived from 
internal sources, i.e., a mass change. It should be 
remarked that if a low ionizing particle, such as a 
positron, were emitted it would probably not be 
photographed because the light source was just 
sufficient for the proper exposure of heavy par- 
ticle tracks. If the unobserved particle carried 


G. 


WHITE 


much momentum then the observed tracks would 
not be coplanar. Although occasionally a fork 
was found which was as much as 3° from being 
coplanar it was also noticed that usually the 
incident stem was curved downwards, a phe- 
nomenon caused by too great a delay in the 
photography. 


SCATTERING DISTRIBUTION 


Figs. 3A and 3B represent all the scattered 
particles found in the Series A and B photo- 
graphs, respectively. Each circle indicates a col- 
lision in which the incident proton energy ‘is 
represented by the radius vector and the direc- 
tion of scattering of the longer tine by the angle 
made by this vector with the base line. The bleak 
appearance of the small angle region in Fig. 3A 
is largely instrumental, at least for energies 
below 600 kv. A 600-kv proton glancing off at an 
angle of 13° forms a recoiling tine of only 1.3 mm 
length in the cloud chamber and the general con- 
gestion of tracks makes its detection uncertain. 
It is clear that the Series B photographs suffered 
much less from this defect. These last results 
should be fairly trustworthy down to 200 kv 
and 10°. 


COMPARISON WITH COULOMB SCATTERING 


Mott’s formula for the scattering of protons 
by protons may be written, 


4nrNone* c®2 dR 
eer f i} [eset d+sect 3 
R e 


m? vi v9, 


—csc? J sec? ¥ cos (a log tan? #) | sin 20d9, 
a =2re?/hv, 


where Q is the number of protons with velocity 
between v, and v2 which are scattered between 0; 
and #:. R; and R, are the ranges of protons of 
these velocities. No is the number of incident 
protons of mass m and charge e. dR is the distance 
traveled by a proton in going from a velocity v 
to v+dv in a gas containing m hydrogen atoms 
per cubic centimeter. The angle # is the angle 
of scattering as measured in the observer's coor- 
dinates. The number N, is obtained from Figs. 
2A and 2B. Since there is a distribution in energy 
one must take the weighted average number of 
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protons which could produce collisions in a given 
energy range, the weighting coefficient being con- 
cerned with the distance the protons can travel 
before falling out of the energy range in question. 
The integral involving the range is most easily 
evaluated by graphical integration of the experi- 
mental relation between 1/v* and the range. 

The number of scattered particles calculated 
by this formula must be divided by two because 
only one-half of the collisions will be oriented in 
the proper plane for the system of measuring 
used in this experiment. Or stated more explic- 
itly, it was not possible to recombine and measure 
a fork whose plane was inclined more than 45° 
to the plane of the cloud chamber. This correc- 
tion applies to all energies and scattering angles. 

Fig. 4 is the sum of all collisions found in the 
two series of observations in which the incident 
energy of the proton was 450-600 kv. One must 
not be too deeply concerned over the small 
number of collisions found in 10°-15° region 
because as was pointed out the Series A photo- 
graphs were sadly handicapped here. The total 
number of protons giving rise to these collisions 
was 348,000. To within the statistical fluctua- 
tions the distribution agrees with Mott’s formula. 

Fig. 5 is the total scattering for energies 
between 600 and 750 kv. It is apparent that there 
is more large angle scattering than can be easily 
accounted for purely by statistical fluctuations. 
The probable fluctuation in the region 40°-45° 
is about three and the chance of observing five or 
more collisions when the expected number is 
0.75 is less than 1/1000. This consideration by 
itself is not conclusive but the fact that the 
adjoining region is also anomalous and the fact 
that the higher energy 750-900 kv (Table I) 
shows similar scattering makes one believe that 
there is definitely too much large angle scatter- 
ing. Regarding the small angle scattering little 
can be asserted since one is not sure of the 
efficiency of such observations in the Series A 
photographs. The Series B pictures also indicate 
too little scattering at 12° and 17° but the data 
are insufficient to warrant conclusions. 

Table I gives again the results expressed in 
Figs. 4 and 5 and in addition the scattering at 
lower and higher energies. Qo is the number of 
observed collisions, Ro is the ratio of Q» to the 
Mott expected value, and N, is the number of 


TABLE I. Summary of proton-proton scattering. Note: 
When an observation occurs on the boundary between 
two cells it counts as one-half in each. 





E 300-450 kv 450-600 kv 600-750 kv 750-900 kv 
> N . 1.0 x 10° : 3 48 105 ~ 3.0 x 10° - 1.88 X 16 
ANGLE Vo Ro Vo Ri Vo Ro Vo Ro 
10°-15 7.5 0.3 14.0 03); 8.0 0.2 3.0 0.2 
15°-20° 7.0 0.8 10.5 0.7 6.5 0.6 4.0 0.8 
20°-25° | 1.5 0.4 1.0 0.6) 6.5 1.3 3.0 1.3 
25°-30 2.0 0.9 65 1.8) 1.5 0.6 0.0 0.0 
30°-35° | 1.0 0.8 40 1.9 1.5 1.0 0.5 0.7 
35°-40° 0.0 0.0 2.0 14; 55 5.8 1.5 3.8 
40°—45° 0.0 0.0 2.0 1.8} 8.0 10.8 3.0 10.0 


} 


protons responsible for the observed collisions. 
The column 300-450 kv was taken only from the 
Series B photographs since the Series A observa- 
tions were obviously in error. 


DISCUSSION 


Although the foregoing experimental data do 
not tell us what the actual form of the scattering 
distribution is it is nevertheless interesting to see 
what the theoretical implications are and whether 
or not it is possible to devise a proton model that 
will give the observed scattering. 

On Dirac’s theory of the positron, E. A. 
Uehling’® calculated the deviations from a 
Coulomb potential caused by continual creation 
and annihilation of electron pairs in the electro- 
magnetic field of the protons. He found that 
these deviations become of importance at dis- 
tances of the order of the Compton wave-length 
(10-'° cm) and that the scattering deviations 
increase with # in the neighborhood of #=0 and 
then remain essentially constant thereafter. The 
total deviation is only a few percent and in no 
way corresponds to the above observations. 

Fermi’s recent theory of beta-ray emission 
indicates that perhaps a proton may exist 
momentarily in the form of a neutron plus a 
positron plus an antineutrino. If this system 
lasts an appreciable time then one would expect 
scattering deviations when two such systems 
collide. However, at present the theory is much 
too arbitrary to admit of any conclusions. 

It is of interest to treat proton-proton collisions 
in a manner similar to Taylor’s work on alpha- 


1 E. A. Uehling, Phys. Rev. 48, 55 (1935). 
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particle helium scattering. Dr. R. Serber has very 
kindly made these calculations for me. The 
analysis consisted in finding what phase shifts 
in the scattered waves are necessary to account 
roughly for the observed scattering at 700 kv. 
The scattered waves may be identified with the 
angular momentum of the colliding particles. 
Serber found that assuming a 45° shift in the S 
wave and 2.5° shift in the P wave would be suf- 
ficient for the present accuracy of the experiment. 
To represent the data exactly would require 
several more phase shifts, but this would imply 
long range forces and one is not ready to admit 
the possibility. Fig. 8 shows the ratio of Serber’s 
modified scattering to Mott’s scattering. The 
experimentally observed ratios for collisions of 
600—750 kv are shown as circles with the probable 
fluctuations indicated by the vertical line seg- 
ments. It might be mentioned here that there is 
a one-percent chance of observing a fluctuation 
of more than twice the probable fluctuation 
(+Qo'). Using the method of Breit and Yost," 
Serber then calculated the depth of the potential 
hole necessary to give the observed phase shifts. 
It was necessary to assume a hole radius; so 
more or less arbitrarily the electron radius was 
taken, (2.8X10-" cm). It might be remarked 
here that the closest distance of approach of a 
700 kv proton is about 5X10-" cm. The depth 
of the hole was found to be 17.2 mv. In view of 
the similar results of Taylor this figure is not 
unreasonable, but on current theories of the 
mass defects of the heavy elements such a strong 
interaction is difficult to understand. Inasmuch 
as the theory of nuclear mass defects is under a 
heavy cloud of suspicion there is no real argu- 
ment on this basis against strong proton-proton 
forces. 

However, if one examines more carefully the 
effect of Serber’s potential on the scattering at 
lower energies than 600 kv there is found strong 
disagreement with the observations. The experi- 
mental data indicate an almost Coulomb scat- 
tering at 450-600 kv while Serber’s modified 
scattering is about 8.5 times the Coulomb 
expectation at 45°. This slow decrease in the 
theoretical scattering with energy may be just a 


4G. Breit and F. L. Yost, Phys. Rev. 48, 203 (1935). 
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Fic. 8. Ratio of Serber’s modified scattering to Mott's 
scattering at 700 kv. 


peculiarity of the particular potential model 
chosen, but it does not seem likely. It is indeed 
very disturbing to find that the potential re- 
quired to fit the high energy scattering fails so 
markedly at energies not much less than 600 kv. 

The theoretical situation may be summarized 
briefly." 

(1) The 650-900 kv scattering can be reasonably fitted 
by Serber’s short range potential by assuming a hole depth 
of 17.2 mv and a radius of 2.8 10-" cm. The minimum at 
30° cannot be fitted closely by any short range potential, 
but it can be fitted to within twice the probable fluctation. 

(2) The energy dependence of the 45° anomaly cannot 
be accounted for at all by any short range force. 

(3) If further data are in substantial agreement with the 
above observed scattering then present theoretical ideas 
about intranuclear forces will have to be seriously modified. 


It is a pleasure to acknowledge the constant 
and helpful interest taken in this work by Pro- 
fessors E. O. Lawrence and J. R. Oppenheimer. 
The author is also grateful to the Charles A. 
Coffin Foundation of the General Electric Com- 
pany for the award of a fellowship in 1933 and 
again in 1934. 


12 | am very deeply indebted to Professors Oppenheimer 
and Condon for illuminating discussions on these matters. 
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A Source of Doubly Ionized Helium 


OVERTON LuuR, Unton College, Schenectady, N. Y. 


(Received December 9, 1935) 


A magnetron type of low voltage arc has been designed 
to produce doubly charged helium ions by multiple electron 
impact. A magnetic field parallel to the axis of a cylindrical 
cathode makes it possible to operate the arc in pure helium 
with one ampere arc current and an arc drop of 50 to 
100 volts, at a pressure of 10-* mm. Ions are drawn out 
of the arc and focused on an ion gun by an auxiliary 
cathode fitted with a spherical grid. When the ion beam 
is analyzed with a mass spectrograph it is found that 


INTRODUCTION 


N efficient source of doubly charged helium 

ions requiring moderate power for opera- 
tion would: be useful in nuclear investigations. 
It is known! that very few doubly charged ions 
are produced by single electron impact in helium 
even though the electrons have an energy of 
several hundred volts. Apparently, then, in order 
to obtain an efficient source, conditions in the 
discharge should be especially favorable for 
multiple impact; that is, a discharge should be 
employed in which the probability would be 
relatively great of an ionizing electron with suf- 
ficient energy striking a singly charged helium 
ion. A low voltage arc of the type described by 
Lamar and Luhr’® offers one possibility, but a 
rough calculation indicates that in order to 
obtain complete ionization of the gas such an 
arc must be operated with one ampere arc cur- 
rent at 10-* mm pressure. In pure helium the 
arc will not run at a pressure lower than 5 X10-* 
mm because of the breakdown of the positive ion 
space charge around the cathode when the mean 
free path of the ionizing electrons becomes 
greater than the distance between cathode and 
anode. 

In the present investigation a magnetron type 
of discharge has been employed in order to 
lengthen the path of the electrons between 
cathode and anode, so that they would undergo 
an ionizing collision before they struck the anode. 
The arc would then operate at lower pressure, a 





'W. Bleakney, Phys. Rev. 36, 1303 (1930). 
*E. S. Lamar and O. Luhr, Phys. Rev. 46, 87 (1934). 


about 5 percent of the ions have a ratio of mass to charge 
equal to 2. At least part of these are H,* ions appearing 
as an impurity which cannot be eliminated. However, 
with an ion beam of one milliampere which could be 
readily drawn from the arc, there is evidence to indicate 
that about 2 percent, or 20 microamperes, would consist 
of doubly ionized helium which would be available for 
nuclear investigations. 


larger percentage of the gas was ionized, and 
there was a better probability of double ioniza- 
tion by multiple impact. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


The tube was designed as shown in Fig. 1. 
The anode A was a nickel cylinder 4 cm long and 
4 cm in diameter. The oxide-coated cathode C 
was a nickel cylinder 4 mm in diameter and 3 cm 
long, coaxial with the anode. It was indirectly 
heated by a 7-mil tungsten filament about 10 cm 
long wound into a spiral on a 30-mil mandrel. 
The filament was insulated from the cylinder by 
an aluminum oxide tube. The oxide-coated 
cylinder itself served as the return lead for the 
filament current. An oxide-coated overwound 
(piano wire) tungsten filament wound on a 3-mm 


-mandrel to form a helix 3 cm long was also tried, 


but did not seem to stand up under bombard- 
ment by positive ions as well as the nickel 
cylinder. An auxiliary cathode B consisted of 
two circular nickel plates covering the ends of the 
anode cylinder. A hole 1-cm in diameter in the 
top plate admitted the cathode leads, while a 
3-cm hole in the bottom plate was covered with 
a 40-mesh nickel gauze spherical grid which 
served to focus the positive ions onto the ion 
gun D. The distance from the grid to the ion gun 
was 3.5 cm. The aluminum ion gun was con- 
structed in the same way as that described by 
Lamar and Luhr,? and in the present experiment 
had in its upper face a hole 0.34 mm in diameter 
through which positive ions were admitted to the 
mass spectrograph. The tube was fitted with a 
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Fic, 1. Design of tube for producing doubly ionized helium. 


ground joint at its lower end and was waxed to 
the Dempster-type mass spectrograph which has 
been described previously.* The whole tube was 
wrapped on the outside with three-sixteenths 
inch rubber tubing for water Fitting 
closely over the tubing was a solenoid 15 cm long 
consisting of 500 turns of No. 22 copper wire 
which was capable of producing a magnetic field 
at its center parallel to the cathode C, of the 
order of 100 oersteds with a current of 3 amperes 
in the coil. Water flowing in the rubber tubing 
served to cool both the discharge tube and the 
solenoid. 

In operation it was found that on first starting 
the discharge the arc would indeed run at a 
pressure well under 10-* mm with an arc current 
of an ampere or more. There was always an 
optimum value of the axial magnetic field 
which the arc operated best (that is, at minimum 
voltage and maximum current), and it would not 
run at all at this pressure when the current in the 
solenoid was much above or below 1.0 to 1.5 
amperes. This is at least in qualitative agreement 
with the results of Van Voorhis, Kuper and 
Harnwell* who employed a similar device with a 
hydrogen discharge. Under these conditions the 
ions, when analyzed with the mass spectrograph, 
consisted almost entirely of impurities such as 
CO, and water vapor. After several hours of 
operation the impurities had almost disappeared, 
but the arc would no longer operate with a 


cooling. 


30. Luhr, Phys. Rev. 44, 459 (1933). 
‘Van Voorhis, Kuper and Harnwell, Phys. Rev. 45, 492 
(1934). 
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pressure lower than 10-? mm. As it would not 
operate at less than 5X10-? mm without the 
axial magnetic field, the path of the ionizing 
electrons had apparently been increased about 
5-fold by spiralling around the cathode. 
When operating at 10-? mm the arc 
was in the neighborhood of 1.0 ampere, with an 
arc drop ranging from 50 to 100 volts. The arc 
voltage could be conveniently increased from 50 
to 100 volts either by decreasing the cathode 
heating current which was normally about 4 
amperes, or by increasing the axial magnetic 
field. The auxiliary cathode B was at a negative 
potential of about 100 volts relative to the 
cathode and the positive ion current to B varied 
from 20 to 100 milliamperes, decreasing as the 
axial field was increased. Surprisingly, the 
decrease in current to B was accompanied by an 
increase of current to the ion gun D, which was 
held at a negative potential of about 100 volts 
relative to B. Apparently the magnetic field 
served to focus the ions on the ion gun and the 
current to D was at times greater than that to B, 
ranging as high as 30 milliamperes, though at 
least part of this current was undoubtedly due 
to secondary electrons. From a measurement of 
the current passing through the hole in D it 
appeared that the positive ion current density 
was at least 10 milliamperes per square cm at the 
center of the upper face of the ion gun. 


current 


RESULTS AND DISCUSSION 


On analyzing the ion beam with the mass 
spectrograph it was found that from 2 to 10 
percent of the ions had an m/e equal to 2, and 
that practically all the rest had a mass 4 and 
were therefore He* ions. The percentage of mass 
2 ions tended to increase with increasing arc 
voltage and with decreasing pressure but at 
least part of these ions were always due to H;* 
as indicated by the continued presence of a few 
protons. The helium was obtained highly purified 
from the General Electric laboratories and was 
passed through a charcoal trap cooled with 
liquid air, then through two additional liquid-air 
traps before admission to the chamber. However, 
even after many hours of operation, hydrogen 
continued to appear as an impurity, probably 
coming from the walls of the tube. It was ex- 
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tremely difficult to repeat results quantitatively 
as the arc was rather unsteady under these 
limiting conditions of operation. Furthermore, 
after about 30 hours of operation the oxide 
coating of the cathode was disintegrated as a 
result of bombardment by the 50 to 100-volt 
positive ions and it had to be replaced. 

On the average, with an arc drop of 70 to 80 
volts about 5 percent of the ions had a ratio of 
mass to charge equal to 2. This percentage 
dropped to about 2 or 3 when the arc voltage 
was decreased to 50 volts or less, or when the 
pressure was increased materially. The proton 
current was only about 2 percent as large as the 
current due to the mass 2 ions, and it should 
have been at least 5 percent if all the mass 2 ions 
were H,*+. Therefore it is estimated that prob- 
ably about 2 percent of the total ion current 
consisted of He** ions. It should not have been 
more than this considering that on the average 
only about one percent of the gas in the plasma 
could be ionized under the conditions of oper- 
ation. However, the ion concentration was prob- 
ably greater near the cathode. With a current 
density of more than 10 milliamperes per square 
cm on the ion gun, a total current of at least 
one milliampere should be available for nuclear 
experiments, and perhaps 2 percent or a maxi- 
mum of 20 microamperes would be the desired 
doubly ionized helium. 

In order to determine with greater certainty 
whether at least part of the mass 2 ions were 
He** and not all H,*, it would be desirable to 
examine the arc spectroscopically. A strong He II 


spectrum would indicate the presence of He** 


ions. Preparations are being made to carry out 
such an investigation. An arc of the type de- 
scribed here might furnish an efficient source for 
obtaining the ionized spectrum of many gases. 

Other types of discharge in which He** ions 
might be found have been considered but have 
not been tried. Among these are the hollow 
cathode discharge (which is effective in producing 
the He II spectrum) and the capillary type of 
arc described by Tuve, Dahl and Hafstad.° 
While the capillary arc under certain conditions 
appears to produce one hundred percent ioniza- 
tion,® it seems unlikely that there are enough 
high speed electrons in the capillary to produce 
many doubly charged ions. Incidentally, the arc 
described in the present paper has been operated 
with hydrogen, and although it yields current 
densities comparable with those obtained with 
the capillary, not more than 5 to 10 percent of 
the ions are protons, which is the result expected 
on the basis of the work done by Lamar and 
Luhr.? 

The writer is indebted to Dr. E. S. Lamar of 
Massachusetts Institute of Technology whose 
suggestion led originally to the adoption of the 
type of arc described here; to Mr. W. D. Williams 
of Duke University who aided materially in the 
construction of the tube; and particularly to the 
National Research Council for a grant-in-aid 
which made possible the purchase of much of 
the necessary apparatus. 


5M. A. Tuve, O. Dahl and L. R. Hafstad, Phys. Rev. 48, 
241 (1935). 

®]. Langmuir and H. Mott-Smith, Gen. Elec. Rev. 27, 
762 (1924). 
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The Contact Difference of Potential Between Barium and Silver. The External Work 
Function of Silver 


Pau. A. ANDERSON, State College of Washington, Pullman, Washington 
(Received December 18, 1935) 


A method has been developed for measuring contact 
differences of potential between metal surfaces in which 
both surfaces are prepared by thermal vaporization in a 
gettered vacuum. The design of the tubes permitted them 
to be immersed in liquid air during the measurements. 
The fresh surfaces were measured immediately (2-3 
seconds) after they were formed and the reproducibility 
of the contact potential difference determined by measuring 
in alternation films formed in fractional distillations of the 
two metals. Barium surfaces were reproducible to +0.002 
volt and constant to +0.001 volt. The silver surfaces were 
reproducible to +0.02 volt and constant to +0.001 volt. 
The contact difference of potential at liquid-air tempera- 


a: a study of the contact difference of potential 
between tungsten and barium! it has been 
found that clean barium surfaces prepared by va- 
porization of the metal in a very high vacuum are 
extraordinarily reproducible. With a method of 
measurement sensitive to work function changes 
of the order of a millivolt a reproducibility better 
than +0.005 volt could be obtained consistently 
in an extended series of films so prepared. The 
investigation revealed, also, an unexpected con- 
stancy in the work function of these barium 
surfaces. The films were measured immediately 
after deposition and in a satisfactory vacuum 
changed so slowly that readings to +0.001 volt 
could be taken with confidence. In the communi- 
cation cited it was proposed to adopt thoroughly 
outgassed tungsten as a standard reference sur- 
face in the measurement of contact differences 
of potential. The strikingly satisfactory be- 
havior of barium, however, and the relative 
ease with which clean barium surfaces can be 
prepared suggest its use as a working standard, 
and as a primary standard after its work function 
has been finally established.? A further important 
advantage in such a choice lies in the fact that 
barium is the most efficient of the gettering 


1P, A. Anderson, Phys. Rev. 47, 958 (1935). 

2A revision of the work function of barium would, of 
course, carry over to all other work functions determined 
by measurement of the contact differences of potential of 
other metals against barium and would leave the vaiue of 
such measurements unaffected. 


ture between microcrystalline barium and silver is found 
to be 1.94+0.02 volts. Combination of this result with the 
value 2.39 volts found for the work function of barium in 
measurements on tungsten-barium places the work func- 
tion of microcrystalline silver at 4.33+0.05 equivalent 
volts, as compared to 4.08 volts for the thermionically 
determined heat function (Goetz) and 4.74 volts for the 
work function of thermally etched silver wires measured 
photoelectrically (Winch). A valid comparison of these 
three values will be possible only after the variations of 
the work functions with temperature and with crystal 
surface structure have been determined. 


metals; the otherwise independent operations of 
forming the reference surface and gettering the 
tube may be combined and the design of the tube 
simplified accordingly. 

In work function investigations of the inter- 
mediate melting point metals (e.g., silver, 
copper, gold) by thermionic, photoelectric, and 
contact potential methods it has been customary 
to study massive specimens of the metals and to 
rely on prolonged heating for the outgassing and 
cleaning of these specimens. Consideration of the 
vapor pressure curves for these metals and for 
the metallic salts and oxides which must be 
assumed to be present on the most carefully 
handled specimens (the oxides and salts of the 
alkali and alkaline-earth metals which are most 
likely to be present are especially effective in 
vitiating results and have, also, especially low 
vapor pressures) forces the conclusion that it is 
impossible to clean a massive specimen com- 
pletely by such treatment no matter how it is 
prolonged. Our methods of measurement have 
been based, therefore, on the premise that it is 
possible to secure clean surfaces of these metals 
only by fractional distillation in an adequate 
vacuum, where an ‘‘adequate vacuum” is defined 
as one for which the rate of deposition of residual 
gas on the surface is so low as to produce no 
measurable change in the work function of that 
surface in the time required for its preparation 
and measurement. This criterion requires, in 
turn, a method of measurement capable of fol- 
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lowing any work function changes which may 
occur immediately after the preparation of a 
fresh metal film. With these considerations in 
mind it was the purpose of the present work to 
study the contact difference of potential between 
vaporized barium films and films of silver like- 
wise prepared by vaporization of that metal in a 
gettered vacuum. 


METHOD. THE TUBE 


As regards its electrical features the method of 
measurement was that described in the previous 
paper.' The scheme of preparation of the surfaces 
may be described in connection with the design 
of the tube, Fig. 1. The barium and silver were 
vaporized from shallow molybdenum foil troughs 
A and B (B was similar to A and is omitted from 
the sketch) and films of these metals deposited 
alternately on the flattened end of the glass 
re-entry tube R. The troughs were of 1-mil foil 
about 5X30 mm in size, attached with molyb- 
denum rivets to 1.5-mm molybdenum supporting 
wires, which were in turn welded to the 1.5-mm 
tungsten wires of the press. The geometrical 
arrangement of the vaporizing ovens, connecting 
tubes, and condensing surface was such that 
each vapor jet covered the entire condensing 
surface but was prevented from coming into 
contact with the electron gun.* Contact with the 
films was established at the edge of R by a light 
tungsten spring carried on the stiff tungsten wire 
K. The electron gun E was mounted symmetri- 
cally under R. This gun, of the type described by 
Farnsworth,‘ was constructed of 4-mil molyb- 
denum foil with diaphragm openings 1.5 mm in 
diameter. The emitter was a strip of 1-mil 
tungsten foil 230 mm bent into a noninductive 
T as shown. The potentials placed on the gun 
during the measurements were, emitter: —8 
volts; accelerating diaphragm: +12 volts; ter- 
minal retarding diaphragms: 0 volts, giving an 
approximately homogeneous beam of about 8 
volts energy. The grounded terminal section of 
the gun was connected by a whisker with a thin 


film of gold which had been evaporated to the 


* Although localized changes in contact potential along 
the gun cancel out in a calculation of the final electron 
energy such changes, unless symmetrical, affect the 
distribution of field and the configuration of the electron 

m. 

‘Farnsworth, J. Opt. Soc. Am. and Rev. Sci. Inst. 15, 

290 (1927). 
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Fic. 1. The tube. Vaporizing ovens A and B form on R 
metal films which are measured by an electron beam 
projected from the gun E. Metal introduced into oven at 7. 
Contact to films by lead K. Connection to pumps at P 
(seal-off). Tube immersed in liquid air to L. 


middle section of the wall of the measuring 
chamber before the press carrying the gun was 
sealed in. 


PROCEDURE 
Materials 


The barium, obtained from Osram and taken 
from the same block as used in the previous 
measurements on tungsten-barium, contained 
traces of strontium and iron as the only detect- 
able impurities. The silver was purified electro- 
lytically from initially highly pure stock. 
Through the kindness of Dr. S. E. Sheppard of 
the Eastman Research Laboratories it was 
examined spectroscopically and found to contain 
“no detectable impurities.”’ Before its intro- 
duction into the tube the silver was melted down 
upon an electrically heated molybdenum foil 
strip in an evacuated auxiliary tube to remove 
dissolved oxygen. To prevent resolution of oxy- 
gen the silver pellets were taken from the pre- 
melting tube only when the measuring tube was 
ready for them. 


Outgassing 


The tube was connected at P with the pumping 
system described in the previous paper and, 
before charging with barium and silver, given a 
preliminary baking at 500°C for 48 hours. At 
intervals during this baking the electron gun 
was subjected to high frequency heating at 
1000°C or higher and the ovens A and B flashed 
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at about 2000°. The tube was then opened at 7, 
the silver and barium quickly introduced, and 
the tube reclosed and immediately re-evacuated. 
It was then subjected to seven or eight bakings 
of eight hours each at about 350°C, between 
which were interspersed high frequency heatings 
of the electron gun, flashings of the ovens at 
temperatures sufficient to melt down the barium 
and silver, and flashings of the electron emitter 
at temperatures well above its normal operating 
temperature. The tube was sealed from the 
pumping system while still hot and a fresh coat 
of barium immediately vaporized to the walls 
of the tube. 


Measurements 

Before starting a series of measurements the 
tube was immersed in liquid air to the level L 
and the emitter run at its operating temperature 
long enough to establish steady emission. The 
barium and silver ovens were flashed simul- 
taneously at temperatures sufficient to melt 
down the metals, the barium oven then flashed 
alone to deposit a thick film of barium on R, and 
the electron current-retarding potential charac- 
teristic for this film determined. As described in 
the previous paper! a reference deflection and 
corresponding potential setting near the middle 
of the straight-line portion of the characteristic 
was chosen and the test for a satisfactory vacuum 
made by checking the deflection for constancy, 
starting the observations immediately after the 
deposition of a fresh film. About half of the tubes 
have had to be discarded at this point, though 
they had passed the ordinary tests for pinhole 
leaks. The reproducibility of the potential setting 
for barium was then determined by measuring 
the potential required to establish the reference 
deflection for each of a series of fresh barium 
films. After obtaining the reproducible potential 
setting for barium a series of silver films was 
prepared and measured in the same manner and 
the reproducible setting for silver thus deter- 
mined. The contact difference of potential 
established by these two sets of measurements 
was then checked by repeating in alternation the 
process of preparing and measuring the films of 
the two metals. Four to eight checks could be 
secured before the oven charges in a given tube 
were exhausted. Occasionally the complete 
potential-current characteristics for barium and 
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silver surfaces were taken and the V—logi 
curves plotted. Such curves are parallel straight 
lines below their “break points”’ and the displace- 
ment along the potential axis of one curve with 
respect to the other is equal to the contact dif- 
ference of potential. The results so obtained have 
been found to agree in every case with those given 
by the method described above. The procedure 
involving V—logi curves eliminates, in the 
measurement of any single pair of films, the pos- 
sibility of errors arising from fluctuations in the 
total electron output of the gun. On the other 
hand, considerable time is required for deter- 
mining the complete characteristics and the 
advantage of taking potential settings on unques- 
tionably fresh surfaces is lost. If, as in the pro- 
cedure which has been adopted, not one but a 
number of pairs of surfaces is measured total 
electron fluctuation is effectively eliminated as a 
possible source of error. This conclusion is borne 
out by the fact that throughout the measure- 
ments on barium-tungsten and _ barium-silver 
such fluctuations in potential settings as have 
been observed have been definitely characteristic 
of surfaces of a given metal rather than common 
to all the metals, as they would be if they origi- 
nated in total electron fluctuations. 


RESULTS 


As in the earlier work on tungsten-barium the 
barium surfaces were found to be highly constant 
and reproducible from the start. The variations 
in potential settings for successive films were of 
the order of +0.002 volt from the mean (a 
reproducibility of +0.001 volt has frequently 
been obtained) and were in the nature of fluc- 
tuations rather than of the progressive changes 
to be expected if appreciable amounts of solid or 
gaseous impurities were condensing with the 
barium. In view of the initial purity of the 
specimens and the fact that about half of each 
specimen had been vaporized during the pre- 
liminary fusions and getterings this result was 
not surprising. The silver films exhibited the 
same order of constancy as was shown by the 
barium surfaces but their reproducibility was 
+0.02 volt as compared to +0.002 volt for 
barium. The variation in work function of the 
silver surfaces was found to occur between films 
prepared in close succession to the same degree 
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TABLE I. Contact difference of potential between barium and 
silver at 90°K. 





(-V) Ba (—V) Ag ConTACT POTENTIAL 
10.79 8.85 1.94 volts 
10.79 8.84 1.95 
10.79 8.86 1.93 
10.79 8.84 1.95 
10.79 8.87 1.92 
10.79 8.86 1.93 
10.79 8.84 1.95 

1.93 


10.79 8.86 
as between films selected at random from differ- 
ent series of measurements, and is evidently not 
due to impurities condensing with the silver. It 
is, possibly, connected with the fact that a film 
of metal formed by condensation at liquid air 
temperatures is not in a state of structural equi- 
librium and that variations arising in this way 
are aggravated in metals with relatively rigid 
lattices. The electronic work function of a surface 
is intimately related to its electrode potential and 
it is well known that polycrystalline specimens of 
the harder metals, in contradistinction to such 
soft metals as sodium and lead, do not give 
reproducible electrode potentials.’ A few meas- 
urements made on silver films deposited at room 
temperature, which are to be extended and in- 
cluded in a forthcoming report on the tempera- 
ture dependence of contact potentials and work 
functions, bear out this explanation. 

Table I is a résumé of measurements of the 
contact difference of potential between barium 
and silver, all made with the tubes immersed in 
liquid air. The measurements listed have been 
selected to show the maximum observed devi- 
ations from the mean and none of the measure- 
ments which have been made fall outside the 
limits indicated. 1.94 volts is chosen as the value 
for the contact difference of potential Ba-Ag 
which best represents these measurements. Ap- 
plication of the Sommerfeld relation Vga. a, 
+$pa=¢ag, With op, taken as 2.39+0.05 volts,! 
yields the value 4.33+0.05 equivalent volts for 
the external work function of silver. In a ther- 
mionic study of solid and liquid silver in the 
neighborhood of the melting point Goetz® found 
the value 4.08 volts for the thermionic work 








* Lewis and Randall, Thermodynamics (McGraw-Hill 
1923), Chapter 30. Single crystals of the harder metals 
have been shown to give highly reproducible electromotive 
e930) P. A. Anderson, J. Am. Chem. Soc. 52, 1000 

* Goetz, Zeits. f. Physik 43, 531 (1927). 


function, or “heat function,’’’ of solid silver at 
925°C. Winch,’ using the photoelectric method 
and wire specimens which were subjected to 
prolonged heating at 600°C, obtained apparent 
thresholds at temperatures between 296—873°C 
which, when subjected to Fowler's extrapolation, 
yield 4.74 volts as the true threshold for his 
specimens.* The fact that the present measure- 
ments give a value which is close to the mean of 
these results has little significance other than 
indicating that the method of contact potentials 
is giving results of the same order as have been 
obtained in careful thermionic and photoelectric 
studies. As Bridgman!® and Becker and Brat- 
tain,’ among others, have pointed out, the com- 
parison of heat functions and work functions 
will be possible only after the temperature de- 
pendence of the work functions have been deter- 
mined. It should be remarked, furthermore, that 
differences of a few decivolts between the results 
of independent measurements of the work func- 
tion of a given metal by contact potential or 
photoelectric methods may well be due to dif- 
ferences in the crystal structure of the specimens 
measured." The use of the term “work function 
of silver’’ is justified only when qualified by a 
description of the surface, and this description is 
possible in general only for the two limiting 
cases in which the surface is (a) microcrystalline 
with the crystallites oriented at random, or (b) 
a definite face of a single crystal. In the present 
measurements the surfaces must have approxi- 
mated to Case (a) while Winch’s silver wires 
after their heat treatment probably consisted of 
a few monocrystalline sections thermally etched 
until low energy crystal facets * predominated, a 
process which is known to occur during the 
“aging” of a tungsten wire.” 


’ Becker and Brattain, Phys. Rev. 45, 694 (1934). 

8 Winch, Phys. Rev. 37, 1269 (1931). 

® The “true threshold” so obtained is, of course, the 
corrected threshold for the surface measured whatever the 
state of that surface. It is not necessarily the value charac- 
teristic of the clean metal. 

10 P. W. Bridgman, Phys. Rev. 27, 623 (1926); 31, 90 
(1928); 31, 861 (1928) and Thermodynamics of Electrical 
Phenomena in Metals (Macmillan, 1934). 

l! Rose, Phys. Rev. 44, 585 (1933) found a contact 
difference of potential of 0.38 volt between imperfect (111) 
and (100) faces of a copper crystal. 

2 P. A. Anderson, Phys. Rev. 40, 596 (1932) and refer- 
ences cited there. The molecular process of crystal growth 
in the face-centered cubic lattice of silver must be similar 
to that in a hexagonal close-packed lattice. 

137, Langmuir, Phys. Rev. 22, 374 (1923). 
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On the Process of Space Quantization 


I. I. Rast, Columbia University 
(Received December 23, 1935) 


The effect of a rapidly varying weak magnetic field on an oriented atom possessing nuclear 
spin is discussed. The results are applied to an experiment by Frisch and Segré. It is shown 
that by methods embodying these principles one can measure nuclear spin even when the 
h.f.s. separation is very small. A possible further application is discussed whereby it is possible 
to measure the sign of nuclear magnetic moment vector with respect to the spin vector. 


ip two papers! under the equivalent of the title 
carried by this paper Phipps and Stern and 
later Frisch and Segré in the same laboratory 
have studied experimentally the following prob- 
lem; a beam of neutral potassium atoms on 
traversing an inhomogeneous magnetic field is 
split up into two beams (Stern-Gerlach experi- 
ment). One of these beams is selected by means 
of a slit and permitted to pass through a region 
in which the field changes rapidly both in direc- 
tion and magnitude. The resultant beam is then 
analyzed by means of a third field similar to the 
first. The question is what will be the resulting 
space quantization with respect to the field. 
This question has been discussed theoretically 
by Giittinger? and a complete solution for a 
particular type of field which is very simple to 
realize experimentally has been given by Ma- 
jorana.* It is this latter type of field which was 
used by Frisch and Segré. 

However in evaluating their experimental re- 
sults these authors neglected to consider the 
effect of nuclear spin. It is the purpose of this 
paper to complete the interpretation of this 
interesting experiment. It will appear that experi- 
ments of this type may be used to measure 
nuclear spin even in cases where the hyperfine 
structure (h.f.s.) separation of the levels is 
extremely small. Further it will be shown that 
by using these nonadiabatic processes it is 
possible to measure the sign of the nuclear 
magnetic moment, i.e., to discover whether the 
nuclear moment is parallel or antiparallel to the 
angular momentum vector. Such information is 
of particular interest with regard to the proton 


1T. E. Phipps and O. Stern, Zeits. f. Physik 73, 183 
(1931); R. Frisch and E. Segré, Zeits. f. Physik 80, 610 
(1933). 

? P. Giittinger, Zeits. f. Physik 73, 169 (1931). 

3 E. Majorana, Nuovo. Cim. 9, 43 (1932). 


and deuteron moments, and cannot at present be 
obtained in any other way. 


THEORY OF THE EXPERIMENT 


An atom moving with constant velocity 
through a magnetic field varying in strength 
and direction along its path is equivalent, for 
these questions, to an atom at rest subject to a 
field varying in time in the same manner. The 
results of the theory may be summarized in 
the statement that if the angular velocity of 
rotation of the field is small compared with the 
Larmor frequency w=27rgyo/l/h the atom will 
remain space quantized with respect to the field 
direction with the same component m of its 
total angular momentum F (adiabatic transform- 
ability); if the angular velocity is of the same 
order of magnitude as the Larmor frequency 
there will be nonadiabatic transitions to states 
m' =m. 

For the exact theory including nuclear spin we 
will consider: 


(a) The magnetic levels in an external magnetic 
field 


The discussion will be limited to atoms in a 
normal 2S, state, since the normal states of H, 
D and of the alkalis fall under this head. An 
atom with nuclear spin J will have two energy 
states in zero external magnetic field with angular 
momentum (in units of h/27r) given by F; 
=I+} and F.=I—}. The energy difference 
between these states due to the interaction of 
the nuclear and electronic spins is AW=/cAv. 
If the magnetic moment of the nucleus is positive 
the state with F=J+}3 will have the higher 
energy level and if the nuclear magnetic moment 
is negative the opposite will hold. In an external 
magnetic field each of these levels splits into its 
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_Fic. la. Variation of the energy with the magnetic field. 
Nuclear moment assumed positive. The dotted lines are 
the magnetic levels arising from the F=J—} state. 


2F+1 magnetic levels. The energy shift of each 
level measured with respect to energy of the 
state unperturbed by either external magnetic 
field or nuclear and electronic-spin interaction is‘ 


—AW AW 4m ; 
Wm a= 7 + (1 > s+x*) ( 1) 
2(2I7+1) 2 2I+1 
x=2yu.H/AW (2) 


if the nuclear moment is positive and 


; AW AW 4m i 
ee i a a 
2(2I+1) 2 2I+1 


if negative. H stands for the external magnetic 
field, uo for the Bohr magneton. The upper sign 
in Eqs. (1) and (3) is taken for the levels arising 





* Breit and Rabi, Phys. Rev. 38, 2082 (1931). 














Fic. 1b. Same as la but with nuclear moment negative. 


from F,=I+4 and the lower for F,=J—}. 
All states with a given m are double except when 
m= +(I+3). 

In Fig. 1 the energy, together with the assign- 
ment of each level to the magnetic quantum 
number and F from which it arises, is plotted as 
a function of the magnetic field in terms of x 
for T=} and for J=3/2. The diagrams are 
similar to those giving the transition from the 
anomalous Zeeman effect to the Paschen-Back 
effect, but simpler because the nuclear moment 
may be neglected compared with the electronic 
moment. 

In deflection experiments the effective mag- 
netic moment of the atom is the important 
quantity. The effective moment for each state is 
proportional to the slope of the energy curves 
and is given by 

im = —OW,,/dH, 
(2m/2I+1)+x 


Lm = Te Mo (4) 
(1+ (4m /(2I+1))x+x?*)! 
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Fic. 2a. Variation of moment with magnetic field. The 
dotted lines are the moments of the magnetic levels arising 
from the F=J—}3 state. Nuclear moment assumed positive. 


for nuclear moment positive, and 


x—2m/2I+1 
, — ae eo 
(1—(4m/(27+1))x+<x?)} 


Mm = 0 (5) 


for nuclear moment negative. The same sign 
convention holds as for the expressions for the 
energy. The upper sign is for states arising from 
F=I+} and the lower from F=J—}. The 
values of the moments are plotted as functions 
of x in Fig. 2. The dotted curves represent the 
moments of the F=7—} levels. At high fields 
these moments all become -+-uy to a very close 


approximation. 


(b) The effect of the varying field 


As previously stated, the influence of the 
varying field will in general cause transitions 
from the state m to other states m’. These 
transition probabilities are given by Majorana as 
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Fic. 2b. Same as Fig. 2a, but with nuclear moment 


assumed negative. 


W(a,m, m’)=(cos a/2)*¥ 
«* (F+m)!(F+m’)!(F—m)'\(F-—m’)! 
(6) 
(—1)*(tan (a/2))?-™t™"’ 3 


2F 
[= vy'\(v—m+m’')'(F+m—v)!(F-—m’'—v)! 


The value of a which occurs in this expression 
is obtained from the dynamical theory of the 
process which also shows that it is the same for 
all m. 

The field which is considered is the field in the 
neighborhood of a point where the field vanishes. 
The value of the field is to a sufficient approxi- 
mation proportional to the distance from this 
point. If d is the distance of closest approach of 
the path of the atom to this point, the minimum 
value of the field is A=bd. If we define C=bv 
we have from Majorana’s calculation 


~I 
— 


a=2 arc sin e~**/4, ( 


oo 
— 


k= (22/h)gpo(A?/C). ( 
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The physical significance of this expression can 
be seen by rewriting k=((2mr/h)gyoA)(v/d)™. 
The first factor is the Larmor frequency at the 
minimum field in radians per second and the 
second represents the angular velocity of rotation 
of the field at this point. If the first is large com- 
pared with the second & is large and a@ small 
(adiabatic case). When the reverse holds we 
have the nonadiabatic case as expected. 

If the atom has a nuclear spin J, we have 
two varieties of atoms with F=7+%4 and F 
=I—}. In the weak rotating magnetic field 
which causes the nonadiabatic transition the two 
states are independent since the energy interval 
between them is large compared with the energy 
of the states in the field. We may consider each 
state separately as if we had a mixture of gases. 
The magnetic moment for the first species 
(F=I+}) is wo and the g value is therefore 
1/([+3). The magnetic moment of the second 
species (F=IJ—}4) by Eq. (4) is (J—43)/(1+4)uo 
and the g value is therefore also 1/(7+}4). The 
angle a is thus the same for each state. 


THE EXPERIMENT OF FRISCH AND SEGRE 


In this experiment both the deflecting and 
analyzing fields were so strong that the Paschen- 
Back effect for the decoupling of the nuclear 
and electronic spins was complete. 

On the other hand the Majorana field was so 
weak that the spins were practically completely 
coupled. To analyze the experiment from the 
data one must consider four possibilities; the 
nuclear moment may be either positive or 
negative and the selecting slit may have been 
placed on the side toward the stronger field which 
selects positive over-all moments of the atom or 
on the other side which selects negative over-all 
moments. 

From Fig. 2 it is seen that for case I (nuclear 
moment +, and over-all moment +) the selected 
beam consists of the m= —(IJ+4) magnetic level 
of the F=J+4 state and the 2/ levels of the 
F=I—} state. All the 27+1 levels are equally 


populated. Transitions between the 2J levels of . 


the F=]—} state do not lead to any change in 
the high field moment as is evident from Fig. 2. 
However the transitions which the atoms in the 
m=-—(I+%) level may make all result in a 


change in the sign of the high field moment. 
If all the atoms go over (a=7) the subsequent 
analyzing field will split the beam into two 
separate beams with a maximum intensity ratio 
of 1/2J. 

In case II (nuclear moment +, over-all 
moment —) we have selected 27+1 out of the 
27+2 levels of the F=J+} state. Obviously 
transition from one of these levels to another 
does not lead to a change of sign of the over-all 
strong field moment. Transition to the m= 
—(I+4) moment does change the sign. The 
fraction of the total number of atoms which 
make such a transition is 


1 I+} 
a™ (7+) 


27+1 m=-U-) 
and since a"_(74;) =a, “*» this is equal to 


1 +4 
41 
Om (1+ 4) 


- £ 
2T+1 m=-cU+p 


and is thus the same as the fraction which in 
case 1 made a transition resulting in a change in 
sign. It is thus evident that no matter which 
side of the beam is selected the maximum ratio 
of intensities of the two beams resulting from 
the analyzing field is 1/27. The other two cases 
give the same result on analysis. The inter- 
mediate ratios can be obtained from Eq. (6). 
The maximum intensity ratio is thus seen as a 
direct measure of the nuclear spin. Since the 
Majorana field is very weak the method will 
apply even when the h.f.s. separation of the states 
is very small. 

In the particular case of potassium which was 
used by Frisch and Segré we know from Mill- 
man’s experiments® that for K**, J is 3/2. The 
ratio of the two peaks of Frisch and Segré 
should be 3. To within their experimental error 
this is the value which they obtained rather than 
the complete disappearance of the original peak 
which they expected. If one uses the correct 
value g=} rather than g=2 used by the authors, 
one obtains good agreement with their experi- 
mental results as given in Fig. 4 of their paper. 
This is not the case when nuclear spin is neg- 


lected. 


° Millman, Fox and Rabi, Phys. Rev. 46, 320 (1934); 
Millman, Phys. Rev. 47, 739 (1935). 
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THE SIGN OF THE NUCLEAR MAGNETIC MOMENT 


From the spectroscopic methods of measuring 
nuclear spin the sign of the nuclear moment is 
obtained by noting which of the F states has 
the higher energy. To obtain this information 
with atomic beam know 
whether we are dealing with Fig. 2a or 2b. 
Owing to their symmetry it is impossible to 
obtain this information by deflection experi- 
ments alone. However if deflection is combined 
with the nonadiabatic transitions, sufficient data 
can be gathered to deduce the sign of the nuclear 
moment. However, in a two-field system the 
arrangement must utilize at least one weak field 
deflection. The experiment of Frisch and Segré 
which used two strong field deflections does not 


methods we must 


yield sufficient data. 


Example 1. Hydrogen 

If we first deflect the hydrogen atoms in a 
weak field corresponding to about x=0.4 the 
deflection pattern has two components m= +1, 
F=1 which are deflected more than the com- 
ponents m=0, F=0 and m=0, F=1. We can by 
means of a slit select atoms which are in one 
of these inner states. We select the atoms which 
are deflected toward the stronger field (posi- 
tive over-all moment), pass them through the 
rotating field, and follow this by a strong 
analyzing field. If the state we have selected is 
the F=0 state then no transitions are possible 
and we obtain only one component. If the state 
is F=1, m=0, there will be transitions to the 
other ievels with the nonadiabatic field properly 
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chosen. Some of these levels have moments of 
opposite sign which the analyzing field can re- 
solve into two components. If one component is 
obtained the proton moment is positive; if two 
are observed the moment is negative. A check is 
obtained by a similar observation of the side 
deflected into the weaker field, where the opposite 
situation prevails. The angle a should be 7/2 
for these transitions as is evident from Eq. (6). 
Many modifications of this procedure, but de- 
pendent on the same principle will readily sug- 
gest themselves. 


Example 2. Potassium 

Although the pattern as given in Fig. 2 for 
I=3/2 is more complicated than for J=}, a 
similar procedure can be applied. With a weak 
deflecting field we select the atoms from one of 
the levels by means of a slit on the strong field 
side and subject them to the rotating field. 
In the subsequent strong field analysis the line 
will be either single or double. If single the 
nuclear moment is positive, if double, negative. 
This is so because transition amongst the F 
=I—} levels does not affect the strong field 
moment, but the F= 7+} levels always have the 
possibility of making transition which will result 
in a strong field moment of opposite sign. The 
treatment of any other case is along similar 
lines. 

In conclusion the writer wishes to express his 
indebtedness to Professor E. Segré for discussions 
on the details of the Frisch and Segré experiment 
and to Messrs. Clark, Heller and Motz of the 
theoretical physics seminar for discussions on the 
details of the interpretation of Majorana’s paper. 
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The kinetic energy operator for the internal motion of 
the alpha-particle can be expressed without cross deriva- 
tives in terms of a suitable set of internal coordinates. 
The usual methods when applied to a restricted class of 
Hamiltonian operators then yield sum rules from which 
are deduced upper limits to the excitation energies of the 
2p levels. These upper limits involve certain diagonal 
matrix elements which are easily evaluated by using an 


approximate normal state wave function. Computations 
on three different nuclear models indicate definitely the 
existence of a singlet 2p level in the discrete eigenvalue 
spectrum of the alpha-particle if the range of the intra- 
nuclear forces exceeds 2.0X10-“ cm. A simple variation 
calculation gives excitation energies which fall slightly 
below the upper limit fixed by the sum rules. 
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 ocaer experiments! on the artificial dis- 
integration of light nuclei appear to estab- 
lish the existence of excited states of the alpha- 
particle. It is therefore of interest to determine 
whether or not the current nuclear models allow 
the alpha-particle to possess excited states. 

The straightforward procedure for the dis- 
cussion of this problem involves the specification 
of a nuclear Hamiltonian and the use of the 
variation method in conjunction with suitable 
approximate wave functions to compute the 
excited state energies. These calculations are 
difficult and as yet not very satisfactory. Fortu- 
nately it is possible to supplement the straight- 
forward procedure by a simple calculation based 
on certain sum rules. 


SEcTION I. THE SuM RULES 
Consider a nuclear Hamiltonian of the form 
H= —}(A;+A2+A3+A,) + V(x, Xe, X3, X4) (1) 


with the eigenvalues Eo, E;, ---. The sum rules 
are most simply expressed in terms of new 
coordinates 

§:=XitXe—X3—X4, 

f2=xX1—Xe, 

fs=xX3—X4, 

4x=Xi+XetXstX,, 
and corresponding 7, 2 components. The sub- 
scripts 1 and 2 refer to protons; 3 and 4 to 


neutrons. One consequence of the transformation 
(2) is the operator identity 


AitAst+As+Ay=4d¢, +2A¢,4+24¢,+44,, (3) 


which is useful because it expresses the kinetic 
energy operator for the internal motion in terms 
of relative coordinates and yet contains no cross 
terms. The usual methods yield the sum rules 


D (En — Em) | (| &1|m)|*=2, (4) 


Dd (En— Em) | (m|&:|m)|?=1, (1=2,3), (5) 


n 


with the understanding that the schematic sum- 
mation over all states includes an integration 


+H. R. Crane, L. A. Delsasso, W. A. Fowler and C. C. 
Lauritsen, Phys. Rev. 48, 100, 102, 125 (1935). 


over the continuous spectrum. The inequality 


(E,—Ey)>. | (mn é, 0)|*<2 (6) 


follows at once from Eq. (4) if EZ, is the eigen- 
value of the state for which the excitation energy 
is as small as possible subject to the condition 
that the matrix element (1/ £,|0) does not vanish 
(clearly the 2 singlet state). There exists a 
level Ee (singlet 3d or 2s) which is related to EF, 
in the same way that £; is related to Ey. Then 


(E,—E)) > | (m| &,/1)|? 


nO 
<2+(E,—E£o)| (1 £, 0) 2. (7) 
But > | (m/|&,'0) *=(0) &,?/0), (8) 
> | (m| &,)1)|*= (1) E27} 1) — | (1! €,/0)|*% (9) 
nO 


Consequently 
E,—E,)<2 (OQ é,? 0), (10) 
E,.—E,<4 ice £,? 1)-— (1 &, 0) 2}. (11) 


Similar relations follow, of course, from Eq. (5) 
for levels E,’ (triplet 2p), E,’ (singlet 2s) having 
properties with respect to the matrix elements of 
€ identical with those of E,, EE, with respect to 
the matrix elements of £;. Nonvanishing matrix 
elements connecting singlet and triplet states 
occur because the coordinate £ itself has the 
symmetry property of a triplet state wave 
function and the spin coordinates and spin wave 
functions do not appear in the problem. 


The presence in the Hamiltonian of operators which 
interchange the spin coordinates of unlike particles intro- 
duces a dependence on spin orientation which destroys the 
possibility of obtaining states with a definite multiplicity. 
In this case Eqs. (4) and (5) are rigorously true only if 
the complete space-spin wave functions are used in con- 
structing the matrix elements. However, when the spin 
dependence is small the interaction operator can be 
replaced by an effective ordinary potential function which 
is the same for all states of a given symmetry type with 
respect to interchange of the space coordinates of like 
particles.? The inequalities (10) and (11) will then remain 
valid if the matrix elements are constructed from solutions 
of the modified spin free wave equation containing the 
proper effective ordinary potential. Levels belonging to 


2 Feenberg and Knipp, Phys. Rev. 48, 906 (1935), Eqs. 
(18-22). To obtain the case discussed above replace the 
Majorana exchange operator by unity and the Heisenberg 
exchange operator by P”P#, Added in proof: see also J. H. 
Bartlett, Phys. Rev. 49, 102 (1936). 
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the symmetry type of the normal state are not changed in 
any way by the substitution of saturation type potentials 
for ordinary potentials in the operator representing the 
interaction between like particles.’ 

The Eqs. (4) and (5) are not valid for Hamiltonians 
containing neutron-proton potentials of the Majorana type 
because the coordinates £1, &, & do not commute with the 
Majorana exchange operators. In this case a familiar 
argument leads to the relations 
4(m|0/d&|n)=(E,—Em) —(m| &:|n)(m| iV —Vii|m), (12) 
2(m|d/d&:|n) =(En—Em) —(m| &:|n)(m| eV — VEr| n), 

(J=2, 3), (13) 
and the sum rules 


22(Em—En) | (m| &:|m) |? 


=4—(n/§?V+Vir2—2VE!m), (14) 
2S(Ey, — Ex) | (n| &|m) |? 
m 
=2—(m\t2?V+VEF—2E,VEm), (7=2, 3). (15) 
Now if V=—2f(rviz)P™virj—fe(ti2) —fo(rsa), (16) 
these last equations reduce to 


D(E,, —En) | (n| &| m) |? 


=2+2(n Dx ye Sty i2)P Moe, n), (17) 


2D(Em —En) | (m| &|m) |? 


=2+(n 2x ye S(toi2,)P My ,2,|n), (l=2, 3). (18) 


The matrix element on the right in Eqs. (17) and (18) is 
positive and has the order of magnitude unity when n 
designates the normal state. Consequently the upper 
limit on the excitation energy which can be deduced from 
these equations will generally lie too far up to be useful. 


II. APPLICATIONS OF THE SUM RULEs 
The function 
vo=N exp [ —(v/2) (ris? +114? +123? + 724?) 
— (u/2)(ri2?+7347)] (19) 


is perhaps the simplest approximate wave func- 
tion for the normal state. Using Wo» we obtain 


(0| £:7/0)~4», (0) &?/0)~3(v+u). (20) 


s 


It is important to know the direction in which 
these matrix elements are in error. Since the 
approximate wave function vanishes too rapidly 
for large separations of the particles the immedi- 
ate inference is that the matrix elements (20) 
are too small. The possibility that for very small 
separations the correct wave function may be 


larger than yo cannot be excluded, but this 


3 Reference 2, italics below Eq. (3). 
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TABLE I. v, » and A as functions of «. 





1/a} A v yu 
. (cm) I umiv iumwiis’y 
10 2.8X10-3 65 65 44 83 100 8.9 81 89 68 62 
20 2.0X10-3 100 100 68 127 15.1 13.6 12.5 12.0 104 95 
30 1.6X10-13 132 132 90 167 19.7 17.7 162 14.5 13.5 124 


effect, if it occurs, can hardly be important 
enough to reverse the sign of the error. The con- 
clusion seems warranted that the use of the 
approximate matrix element (0/£,7|0) in (10) 
actually strengthens the inequality. Thus Eq. 
(10) may be replaced by 


E,—Eo<4v. (21) 


The parameters v, » and the potentials re- 
quired to fit the binding energy of the alpha- 
particle are determined by the equations‘ 


Eo(y, ps) =f: ° SWHodr= — 56mc?, (22) 
(0/dv)Eo(v, uw) =(0/du)Eo(v, w) =0. (23) 


These equations have been solved for the follow- 
ing nuclear models: 

I. The interactions occur between unlike particles only 
and are given by the potentials Ae~*’ , 

II. Same as model J with Majorana potentials Ae“ P”, 

III. Equal interaction potentials, Ae~*’, between all 
pairs of particles, 

IV. Same as model III with the potentials Ae~°*?*", 


The energy function Eo(v, u) has already been 
found for the first three models.* For the fourth 
model an elementary calculation yields the 
result 


Eo(v, v) =27a/80?—6A | (1+207)e” 
X (1-22) fore-*"dx) —2r-'a}, (24) 
8v0? = 3a. 


Table I lists values® of », 1 and A computed from 
Eqs. (22) and (23). The results for Model II 
are included because it is thought that they may 
prove useful in other calculations. 

Stability against spontaneous disintegration 


‘The value 56mc? is obtained by adding 2mc* to the 
experimental binding energy to correct for the neglect of 
the coulomb repulsion between protons. 

5 Feenberg, Phys. Rev. 47, 850 (1935), Eqs. (17) and 
(21); reference 2, Eq. (9) (replace A, and A, by A and 
set p=1). > pe 

6 Unit of energy —mc?=510,000 electron volts; unit of 
length — ( h?/mm,c*)* = 8.97 X 10-* cm. 
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into H’ and H! is assured if the excitation energy 
lies below 40mc*® (since the binding ,energy of 
H* is about 16mc*). This condition is satisfied 
for 1/at>2.8X10~-" cm. However the quantity 
4y is certainly considerably larger than the 
excitation energy. If it exceeds the excitation 
energy by at least one-third, which does not 
seem unlikely, the stability condition is satisfied 
for 1/a'>2.0X10-" cm. Calculations on the 
binding energies of the hydrogen and helium 
isotopes with error function potentials? determine 
a radius of action 2.2X10~™" cm. Thus the 
existence of a singlet 2 level is definitely indi- 
cated. Since 2(v+y)=4v, the triplet 2p level 
will be stable also if the forces between like 
particles are of the ordinary type (without 
exchange operators). 

The sum rules (4) and (17) can be used to fix 
an upper limit to the half-breadth of the singlet 
2p level. The average lifetime of this level is 

J (40? eh? — ot ; 
At=1 / —— ——|(1| $10) |*-. (25) 
\3hc* mm ,c* 
(w is the radiation frequency expressed in radians 
per second). By Eq. (4) or Eq. (17) 


hw) (1) €,|0)|?<2me? (26) 


and therefore 


At> 3.8 XK 10°mc*/ hw. (27) 
The half-breadth AE satisfies the relation 
AEAt~h (28) 
which together with Eq. (27) implies 
AE <2.6X107*(hw)?/me?. (29) 


The energy of the hardest gamma-ray observed 
in disintegration experiments is 16 X 10** electron 
volts or 32mc*. With this value for hw we obtain 


AE < 1300 electron volts. (30) 
SEcTION III. APPROXIMATE WAVE FUNCTIONS 
AND MATRIX ELEMENTS FOR 2p STATES 
The wave function 
¥2p>= NE, exp [ — (7/2) (rie? +713? +ris? 
+1es?+roy?+rsy?)] (31) 


TABLE II. On the singlet 2p state (Model II/). 


a rT —E (1] &:?| 1) (1| &:| 0)? (0| &:7/ 0) 
10 6.5 24 0.231 0.057 0.061 
20 9.0 11 0.167 0.035 0.040 
30 10.0 —1 0.150 0.023 0.031 


yields a value for the singlet 2p energy level 
determined by the equations 


E;(r)= So: S v2pll2,dr, (32) 


(0/d7r)E,(r) =0. (33) 
By using model III, 
E,(0) =5.5a0—A(o/(o+1))!{6—2/(¢4+1)}, (34) 
2r=ae. 


Exactly the same energy equation is found with 
the triplet wave function 


Yo,» = N& exp [— (17/2) (rie? +ris?+rig? 


+13? +Pe4? +734") |. (35) 


Neither of these approximate wave functions is 
suitable for the investigation of a model with 
Majorana type forces because £, and £ are not 
invariant under the interchange of the coordi- 
nates of a pair of unlike particles. 

The approximate matrix elements are 


(1] &?/1)~3/2r, (36) 
(1 €:|0)?~[2(vr)!/(v+ 7) J"/20. (37) 


Numerical values for 7, E, and the matrix 
elements are listed in Table II. 

The table shows that the simple variation 
calculation yields a slight improvement in the 
determination of the excited state energy level 
over the upper limit set by the inequality (21). 
Obviously a considerably more complicated cal- 
culation would be required for an accurate 
determination of the excitation energy. The near 
equality of (1| &,|0)? and (0| £,*!0) is noteworthy. 
No useful information can be obtained from the 
inequality (11) since it puts the upper limit on EZ» 
far out in the continuous spectrum. 
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On the Theory of Dispersion 


Karu F. HERZFELD AND MARIA GOEPPERT-MAYER, Department of Physics, The Johns Hopkins University 
(Received October 23, 1935) 


I. The measured absorption is the difference between absorption and forced emission. This 
has to be taken into account in the interpretation of measurements in the infrared and the 
absorption of hot gases, particularly in the sun. II. According to Maxwell's theory, m?= eu. 
The influence of the magnetic susceptibility on the dispersion is discussed for a gas. The para- 
magnetic part depends on the frequency formally in the same way as the electric part, but is 
determined by the magnetic absorption lines. The diamagnetic part is practically independent 
of the frequency up tc x-ray frequencies. 


I. INTRODUCTION 


= has been customary to write the dispersion formula 


n?—1=— Nj —— (1) 
a aad 


e Sie 
mM i 2 y? 


Here N; is the number of molecules in the state 7 per cc, v the frequency of the incoming light, »,, 
the frequency emitted or absorbed in the transition j—s, f;, the “electron number” or strength of 
the line, positive for an absorption line, negative for an emission line. The connection of f;, with the 
strength of the line comes about in the following manner: Define the absorption coefficient « of light 
of frequency v so that e~“ is the intensity at the depth x in the absorbing medium. If the lines are 
sufficiently separated that the absorptions do not overlap, then the following relation holds between 
f and the absorption coefficient integrated over the whole spectral line, i.e., the total absorption 
in the line: 
S wjgdv = (Nre?/mc)f js. (2) 
In this paper two points are investigated: The first is connected with pure rotation spectra in gases, 
the second with the influence of magnetic properties on the refractive index. 


II. ROTATION SPECTRUM 


It is well known that the “orientation” or ‘‘low frequency”’ part of the dielectric constant is 
simply the contribution of the pure rotation spectrum. This part of the spectrum is produced 
not only by the ground state, but also by the highly excited states. If we rewrite (1) by arranging 
according to lines instead of states and limit ourselves to diatomic molecules, we find the part due 
to the rotation spectrum in the form 


1 
n?—1= a (fi, 4. Ni—Sizs, iNin)- (3) 


The apparent contribution of the line 7-+j7+1 to the refractive index is measured therefore by 


Nf’ ;, in=fi, inl; —fix, jNj41. (4) 

The question arises then: Is the connection between the strength of an absorption line and its 

influence on dispérsion, which is valid for transitions from the ground state, preserved, that is to say, 
is 

CS'k;, i4:dv=(we?/m) Nf" ;, i41- (5) 


This is equivalent to asking whether the measured absorption is the difference between true absorp- 
tion and forced emission to the absorbing state, in other words whether the light emitted in forced 


emission is coherent. 
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A little consideration of the classical electrodynamic picture of absorption and dispersion shows 
that this must be so.' In quantum mechanics likewise the coherence follows immediately from the 
fact that the forced emission is an emission into the eigenstate of the incoming light only; it 
therefore is not a spherical wave but only increases the amplitude of the original radiation. This 
means, however, that for a rotation line the total absorption is given by 


8x? 2B(j+1)? 
cf iadr=N po? | eB G4 kT @—BAG+)42)/4T| 


= 0 j 


3h S 
= N—po2———e- BMG) kT (1 — @—Avi/ kT), (6) 


where S=)>0(2j+1)e~3™+)/4?, B=h/8x*J, = moment of inertia, >= constant electrical dipole mo- 
7=0 

ment of the molecule, »;=2B(j+1), and the following formula was used 2 e?f = (82?m/3h) vj4;, ;P?;, j41. 

The dipole moment of the rotator, summed up over all the states belonging to the same energy’® is 

given by P?;, j11=0?(j +1). Similarly, the resultant transition probability is 


8x* j+1 - 
bj, i41— Din, 5=—PP——N (1 —e-*1/*7), (7) 
3h? 2j+1 
The bracket is a correction to be applied to former calculations. In the case of HCI, 7=5, it amounts 
to about 4, which will slightly improve the agreement between theory and experiment’ as indicated 
by the following tabulation: 


Dexp =4.7- 10" Diheor ola = 1.1- 108 Diheor new = 3.6° 10". 


The contribution to n? due to the rotation spectrum has been developed by Debye® and has been 
shown to go over into the formula for the orientation polarization for y=0. It is, however, possible 
to get a simpler insight into the matter if one looks at the rotation spectrum with a spectroscope 
of such low resolving power that the whole rotation spectrum appears as an unresolved broad band. 
One sees then even from classical theory that according to the distribution law 


kT/I (exp. —Iv*?/2kT) vd», 


9 


the average frequency is proportional T'/?, »o?~T and that therefore 


f const. 
lim ~——, 
v=0 vor— y? T 





provided the total absorption in the band is independent of the temperature. That is actually so, 
but only on account of the negative terms. One finds 


167° prB 
cE f adv=N ED ——F°(j+1)*(e Bhj(j+)) kT _ Bh(j+1) (j+2) kT) 
7 Ss 7 


3h 
167* p°B N16r' 2 por 

= N——_ —e BhiG+D/kT | (5-4-1)? — 77} = —— pr B=-N i. (8) 
3h 6S 3h Ss # 


See also S. Korff and G. Breit, Rev. Mod. Phys. 4, 481 (1932) where this is implicitly stated. 
* A. Sommerfeld, Wellenmechanischer Erganzungsband (Braunschweig, 1929), p. 203. 
* Reference 2, p. 69. 
*R. M. Badger, Proc. Nat. Acad. Sci. 13, 408 (1927). 
*P. Debye, Polar Molecules (New York, 1929), p. 164. 


1K. F. Herzfeld, Zeits. f. Physik 23, 341 (1924). R. W. Wood, Physical Optics, third edition (New York, 1934), p. 476. 











334 K. F. HERZFELD AND M. GOEPPERT-MAYER 


Furthermore, one finds 1/»o?=22*J/kT which then gives the correct value. 

It might be of interest to state here that the disappearance of the usual maxima and minima in 
the dispersion curve and the appearance of the shape given by Debye’® are due to a sufficiently 
large damping. If the denominator of the dispersion formula is written (o?— v?)+»*v”, the transition 
occurs at v’~ vo, the exact value depending on the way v’ depends on », i.e., on the exact shape of 


the band. 
III]. THE INFLUENCE OF MAGNETIC SUSCEPTIBILITY ON 


Maxwell’s theory shows that 


n* = en, (9) 


where ¢ is the dielectric constant, « the magnetic susceptibility. While it is always possible to replace 
for practical purposes u by 1, it is of interest to investigate the matter closely from a theoretical 
standpoint. We restrict ourselves to a gas, where both ¢ and yu are nearly 1, and can then write 


n?>—1=e—1+yu-1, (9’) 


neglecting (e—1)(u¥—1). 

The question is now whether for higher frequencies this can be written in the form (1). This 
investigation will then yield the dependency of yw on the frequency. 

We are going to use Dirac’s theory of dispersion.*: 7 For this purpose we first bring the Hamiltonian 
in a form suggested by T. Ehrenfest and first used by one of us:’ One starts with the usual 
Lagrangian® 

L=(m;/2)q?—V+(e:/c)(qiAi), (10) 


where the g are the coordinates of the electrons and nuclei, V the internal potential energy of the 


atom, A the vector potential. 
As the equations of motion are deduced by the variation of an integral over L between fixed 


time limits, it is always possible to add to L a total differential in respect to time. If F; are com- 
ponents of an arbitrary vector depending on the q; we can write 


L=(m;/2)q?— V+(e:/c)(g:A i) — (d/dt)(qiFi) 


(11) 
mM; ' e; ) OF; 
=—4?—} +(a —Ai— — (q;F;) }) -a( —). 
2 c 0g: J ot 
One finds pi=0L/0Gi:=mMGit¢: (12) 
with the abbreviation 
gi=e;/cA,;— F;—9,0F;/0q:, (12’) 
(on the right side, sum over j, but not over 7). // is found in the usual manner as 
H= pig;—L=(1/2m,)(pi— ¢;)? + V+(qi0F;/dt). (13) 


The Hamiltonian equations, applied to this formula, give the correct equations of motion. We 


specialize now 


6 P. Dirac, Proc. Roy. Soc. Al14, 243, 710 (1927). M. Born and P. Jordan, Einleitung in die Quantenmechanik (Berlin, 
1930), G. Wentzel, in Handbuch der Physik, second edition, Vol. XXIV, (Berlin, 1933). 

7M. Goeppert-Mayer, Ann. d. Physik 9, 273 (1931). 

8 If an index occurs more than once, one has to sum up over it. e;(¢;A;) means therefore Le;(q;A ;). 
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F;=(e;/c)A; (do not sum over 12) 


1 e; 0A; ej 0A; e;” 0A;\? 
and have H =——p?+ V+- (0 - ) +— (oa ) +- —(Ea —) , (14) 
2m; c at mc 0g: 2micrv\ i Ogi 


The last term is new; the two last terms can be neglected if the variation of the potential within 
the atom is neglected. 
The advantage of this form over the one usually taken lies in the fact that there the second order 
term (+(e?/2mc*)A*) contributes to dispersion to the same order of magnitude as the first order 
term, here however, much less. 
The total radiation field can now be resolved into its Fourier components. We choose here pro- 
gressive waves, requiring in place of boundary conditions that the waves repeat themselves period- 
ically in adjacent cubes of volume V. This assures a discreet number of permitted eigenfunctions. 


We have 


A=))(A%+A*"), (15) 
2Tive 
where A*=(*V—'a, exp (-—"(re.)). (15’) 
c 


Here a, and o, are two unit vectors, orthogonal to each other. The cross means the conjugate com- 
plex for c numbers, for matrices the conjugate complex, transposed matrix. 

We then apply the usual method of superquantization which makes Q*, Q** noncommutable 
operators. Q* has elements corresponding to transitions V,—N,—1 only (NV, number of photons in 
the vibration a) and Q**t, the adjoined matrix, elements corresponding to V,—N,+1 only. 

We now assume that light of frequency »v, eigenfunction A®*, falls on the atom and calculate the 
probability that in the time dt a light quantum has been taken out of the state a and thrown into the 
state 8. The state a (incoming light) is characterized by two unit vectors a (direction of electric field) 
and o (direction of propagation). The direction of the light vector in 8 is b, while the direction of 
propagation 7 lies within the solid angle dQ. We consider only the case in which the atom has made 
a double transition from the ground state m elsewhere and back. This is energetically possible only 
if ysy~v. After integrating over all frequencies vg in the neighborhood of v we obtain 


4r*y? 1 OA 2@; 0A ;* | OA St ee; 0A #* 
w=dt Vd2——|> >} e:gi—_ + — Pq; > \ eg:——_ + — pq 
c’ | & A(venty) i at m;, Ogi J nk é | at m; 0g; Fa 
1 | OAFt e; 0A ft OA 2; 0A ;* 
+2 “Z| eq: +— bigs — E lea —+—pigi—— 
k A(vin—v) ' at mM; 0g; bai i ot m; Ogi } kn 


e2 0A * 0A ft . 
-i{> -(Ea -) (Ea ) . (16) 
~m\ 3 0g: i 0g: ne | 


From now on, the summation over the particles will not be written explicitly. 


2riv 1 /2rv\? 
As=QeV-la}1-—~ (re) —— ( ) (ra)? 
2 


c Cc 


Develop now A 





e OA; e 0A; 2riv| 2riv 
—gi—+—piq;7— = — Or V-t'e——-} (ra) -—— (ra) (re) 
c Ot mc 0g: c | c 


1 /2rv\? 1 2nriv 1 
--( ) (ra) (ra)*+— (po) (ra) -——- — (po)(ra)(ra);. (17)° 
2 c mc c me 


* (po)(ro) is an abbreviation for }(po)(ra)+4(ro)(po). As ¢ is normal to a, (po) commutes with (ra). 
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One can furthermore write 


e e e d ed 
— (po)(ra) =- (?o)(ra) = —} (7) (ra) — (ro) (Fa) +— (ro) (ra) + = M*: *+— —(ra)(ra), (18) 
mc c 2c | dt 2c dt 


where M*:¢ is the orbital magnetic moment in the direction normal to a and ¢, i.e., the direction 
of the magnetic field. Of course, this is only the orbital part of the moment. If we had added, in the 
half classical manner, the term (spin moment X magnetic field) to the Hamiltonian function, we 
would have found added to the orbital magnetic moment the spin moment. Therefore M shall be 
from now on the resultant moment. 

We find then, rearranging, 


e 0A; e 0A; 2riv| 2riv e d 
—gi— +—piq7-— = — Oe V-*—_} e(ra) + M*: * —-——e(ra) (ro) +— — (ra) (re) 
c Ot me 0g; Cc | c 2c dt 
e {/2rv\? 2rive 
_—- ( “) (ra)(ro)* -——-— (7a) (ra)(ra);. (19) 
2 c é¢ 6 


Here, the first term corresponds to the usual electric dipole transitions, the second to transitions of 
magnetic dipoles, the third and fourth to electric quadrupoles. According to the selection rules” 
there is no allowed transition in common to these three types, so that cross products do not occur. 
The last two terms are tetraederpole transitions, which should have transitions in common with 
electric dipole transitions. These terms, however, are so small that we will only consider cross 
products with the electrical dipole terms. 
The terms which arise from expressions of the type 
je d 2riv 2nt 
——— (9a)("10) —-—— tated = —— (3 Vin tv) ((7A)(To) } ni 
k 


| 2c dt c - C 


can be transformed 


1 2 1 
tn°5| (<runt ’) ———-{ (ra) (ro) } nx{ (rb) (rr) } ken 
k 2 h(vin+v) 


1 2 1 
+ (sm ’) ———| (8) (70) ata) 0) a 


h(vin— v) 


4r’? y? 
_ E| (mate t20+— ) £(ra) (re) ne (78) (70) a 
4h & Vint 


y? 
+(r- vy —2v-+—— ) { (rb) (rr) } nx} (a)( re) 


Vin V 





(2rv)? 1 1 5 oi 
=> 4h | eeamen -{(ra)(ro)} nz} (rb) (rr) } ent -{(rb)(rr)}ns(0a)(r0) oa 
1 k 


Vin tv Vin— V 


21 d d | 
+- “Z| {= (ra) (ro) (rb) (r2)}an— (70) (72) nn} = (ra) (70) | (20) 
4h FL dt # dt - 





 H. C. Brinkman, Physica 1, 93 (1933); E. U. Condon, Astrophys. J. 29, 217 (1934); J. H. Van Vleck, Astrophys. J. 
80, 161 (1934). 
1 H. M. Taylor, Proc. Camb. Phil. Soc. 31, 407 (1935). 
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The last two terms give, with the help of the commutation rules 


1 
——|(ra)(rb) (or) +(re) (rr) (ab) + (ra) (rr) (ob) + (rb) (ro) (ar) } an: (21) 
4m 


This has to be taken together with the last term in (16), namely, the quadratic term of the inter- 
action energy. This latter is, besides a common factor in front of the bracket, 
e 2riv é 
— (or) } (ra)(rb)! an +-— (or)\(ra)(rb)(r, o—T) ban. 
mc c me 
We have then as final formula for the transition probability, with N,, N, as the average number of 
photons in these states 


2rv\ 4/1 €?(ar) nx(Or) kn (br) nx (Gr) kn | 
w=didQ<¢c*V No(1+N-)(—) . Si eiines 


Cc 

1 { M, 7° M."" Man’? M en®™ 1 lay 2 j 1 

“7 ” }+ ( *)ex| (7a) (7O) j net (7) (77) | kn 
hk Vent Vin — Vv 4h C t Lveat 


Vint Vin—V 


1 2rv\72e | 1 
+ —'(rb)(rr) i nel (ra)(ro) tea d- > [ (ar) ne! rr)*(rb)! 
Vin— Vv c 2h « | Vint 


1 
+ { (ro)*(ra) } nx(b7) en )-+——— (dr) ne (r0)?(ra) } en + f (rr)? (rb) | ne (ar) en | | 
Vin — Vv 


aaaaehosiecl — [(ar) nit (é7) (77) (7b) | an — [ (Fo) (ro) (ra) } ne(Or) en | 


‘ ma” 
Ch k& lvente 


1 2riv e 
— {Gry (rr)(rb) } ax(ar)an — (br) an (Fo) (r0)(ra)} an] } + \(ra)(rb)(r, o—T) | ns 
Vin—V J c mc 
e 
———}3(ra)(rb)(or) —(ra)(rr)(ab) —(ra)(rr) (bo) —(rb)(re)(ar)} an). (22) 
4mc? 


We have now to build up the secondary plane waves, which are responsible for the refractive index, 
out of the contributions of a system of molecules.'' We know that an infinite plane normal to o, 
filled uniformly with dipoles of alike character, will give the appropriate plane wave at a distance 
sufficiently large so that one can neglect the influence of the structure in the plane. Now the de- 
pendency on the angle of the contribution of the dipole of strength 7 to (22) is given by (rd). 

If we want to consider quadrupoles instead of dipoles, we can get them by adding another plane 
of opposite sign but like strength, displaced against the first dipoles in the direction r by the distance 
r’. This will give a factor 


— (2riv/c)(r’r). 


On the other hand it is clear that if r lies in the plane normal to o there will be no secondary wave, 
because each dipole has nearby a neighbor of equal strength and opposite sign so that the total 
polarization of the plane is zero; its structure however does not count at large distances. Therefore, 
only the component (r’c) affects the secondary wave and the refractive index.” 





4 See for example, R. W. Wood, reference 1. 
* It may be pointed out that in calculating the refractive index no assumption concerning the reality of the matrices is 
necessary beyond that involved in the absence of rotatory power. 
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In applying this consideration, we assume that the material is not optically active so that there 
is no electric field in the direction |<, r. 

We remember furthermore A,;A in=!A/nix2=!A/ en®. In the last term in (22), (or) gives the 
contribution (7) =1, (ob) the contribution (ca) =0, (ar) gives (ac) =0; (ab) corresponds to a dipole 
of unit strength in the direction a. 

In formula (23), m and N on the left side mean the refractive index and the number of molecules 
per cc; three summation indices are used, mk meaning an electric dipole transition, mm a magnetic 
dipole transition, m/ an electric quadrupole transition. 





n*>—1 eé Qvien 1 a 2rv\7e? | 2vin 
— = —>y— eae (ar) nx |? +->- a Minn® ?|?7+ ( -) ~-—— \(ra)(ra)} ar |? 
4xrN hk vy,2—v? h™ Yn? — v? c h | l vin? — v? 
1 t ; e 
+2-— ret (ar) nx{ (ro)*(7a) } en — ((70)*(FQ) } nx(@r) en | | ——— {3(ra)?—(ra)?} nn. (23) 
k Vien? —v? Qe 4mc? 


The first term is the one which is usually given alone. For y=0 it goes over into the corresponding 
value for the dielectric constant.'® We see therefore, as is well known, that the dispersion of the 
dielectric constant is determined by the position and strength of the absorption lines that correspond 
to electrical dipole transitions. Similarly, the second term goes, for the statical case, over into the 
paramagnetic part” of (u—1)/42rN. This formula apparently has to be amended if M has diagonal 
terms. This is the case for the single particle whenever orientation effects occur, i.e., in all para- 
magnetic atoms and most molecules. However, a method due to Waller’ shows that formula (23) 
is valid even then. Waller considers a paramagnetic crystal, in particular one in which the para- 
magnetism is due entirely to the spin. The spins of the different atoms have an interaction energy. 
If one quantizes now the whole crystal, each state » which would be present for the free particles 
is split into a large (2%) number of states n’ with energy E,,-. Waller shows that M,,,:*:7=0 where 
M is the magnetic moment of the whole system, so that in the correctly quantized system no 
diagonal terms of the perturbation energy occur. This can be understood because in the unperturbed 
system opposite directions of the total spin are equally probable and there are therefore continuous 
transitions from one to the other, just as in the familiar case of the NH; pyramid the nitrogen atom 
oscillates between the two possible positions. 

Waller investigates the behavior of this system in an alternating field and finds exactly the 
paramagnetic part of (23), he is, however, not sure up to what frequencies this applies. The applica- 
tion of the Dirac dispersion theory, however, as made here, can be made just as well to the new 
system, showing that the general formula for the paramagnetic part is 

vere |Muv ? Nw—Nv 








(24) 


—s 2 2 
n’ il h Vary" v* N 


Here n’, l’ applies to ali the states including the new ones into which the old levels, n, / have been 
split by the interaction energy. The negative terms come from the ‘‘negative’’ dispersion due to 
forced emission. 

If we take into account the smallness of E,-— Ey), we find 


Nw —Nv=t+(howe/RT) Nv, 


9 
ae 


Vnil 
and —> > ——_ Mw PN. 
NRT Ww OV Pay —v 


13 J. H. Van Vleck, The Theory of Electric and Magnetic Susceptibilities (Oxford, 1932). 
4], Waller, Zeits. f. Physik 79, 370 (1932). 
15 The factor 2 has been left out because in 24 every term occurs twice. 
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For v=0 that goes over into™ 


1 1 
Ys —> Nw d Marv |? =- Nw MP =— ’ 
NRT »’ v NRT »’ kT 


the usual diagonal term of the unperturbed state. 

One has always to take only the component of M in the direction of the external magnetic field. 

Waller estimates the »v,-,, at about 1 cm™. 

It is true that Waller has developed this idea only for a crystal, but it can probably be applied 
similarly to a gas. 

The next two sums have a different variation with the frequency than the two preceding ones. 
Because of the factor v? in front, they give no contribution to ¢ or u in statics. The order of magnitude 
of the third and fourth sum is the same, but they correspond to different absorption lines, the third 
to those caused by electric quadrupole transitions, the fourth to electric dipole lines, which are 
always also permitted in tetraeder transitions. (The factor i is multiplied by another i coming 
from 7.) 

Finally the last term corresponds to diamagnetism. It has not quite the usual static form, which 
it takes only if we average over all orientations of the molecule, when 


(ra)? = (ra)? 
and therefore 3(ra)?— (ra)? = (ra)?+(ra)*. 


We see that diamagnetism is independent of the frequencies up to x-rays, when we can not neglect 
any more the form factor, i.e., the phase differences of the light wave within the atom. 

It is interesting to note that for atoms the ratio of the dielectric to the diamagnetic term at 
vanishing frequency is 

(2e?/hven) (ar) nx?/(e?/2mc*)(ra)*nn or ~4mc?/hyp,. 

The previous results are partly contained in Blaton’s'® investigation of dispersion in the neigh- 
borhood of quadrupole lines; the diamagnetic term is present there also, although its meaning 
is not mentioned; the paramagnetic terms are left out because in the absence of spin the transition 
probabilities are zero. 


J. Blaton, Zeits. f. Physik 74, 418 (1932). 
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Reversal of a Branch in a Nonelectronic Band 
The existence of the quadratic term in the expression 
y=A+BN+CN? 


for the position of the Nth line in a rotation-vibration 
band is familiar as the consequence of the mutual inter- 
action between rotation and vibration within the molecule. 
It recognizes the convergence of lines in one of the band 
branches, usually the R branch; and, it further implies 
the possibility of the formation of a band head and the 
doubling back of the lines. 

In their excellent analysis of the harmonic absorption 
bands of gaseous HF, D. E. Kirkpatrick and E. O. Salant! 
have found what they believe to be the first fulfillment of 
the above-mentioned implication. The ninth positive line 
in the band 3» of HF lies between the seventh and eighth 
lines, and so provides a true example of branch reversal 
in a nonelectronic band. 

Unique rather than unusual interest affords justification 
for calling to the attention of physicists the first detection 
of branch reversal in a rotation-vibration band. The 
phenomenon was first observed by W. S. Adams and 
T. Dunhan, Jr.’ in the absorption spectrum of the Venusian 
atmosphere. The spectrum contains the resolved bands 


‘ ar id vas tet 
Sv; and sn +( 2» ) of CO:,? which reveal a remarkable 
“2 


development of R-branch reversal. In fact, dense heads 
cap the bands, and the lines can be easily made out 
doubling back through the R branches. 
ARTHUR ADEL 
The Johns Hopkins University, 
January 29, 1936. 
1 Kirkpatrick and Salant, Phys. Rev. 48, 945 (1935). 


2 Adams and Dunham, Pub. A. S. P. 44, 243 (1932). 
+A. Adel and D. M. Dennison, Phys. Rev. 43, 716; 44, 99 (1933). 


The Absorption of Slow Neutrons in Carbon 


There has been some doubt as to whether carbon is 
responsible for some of the absorption of slow neutrons in 
paraffin. Since the slow neutron collision cross sections of C 
and O are 3.3 and 4.1X10-™ cm?, respectively, compared 
to 3510-* cm? for H, the number of collisions with C or 
O is about 5 percent of the number with H.! Likewise the 


results are nearly the same when water or paraffin is used 
to slow down neutrons so that it was concluded that the 
absorption was due to capture of the neutrons by the 
protons rather than by C or O. Von Halban and Preiswerk? 
observed differences between hydrogen compounds con- 
taining different amounts of carbon when used to slow 
down neutrons. They do not think that the differences can 
be ascribed to absorption by C or O, but Westcott and 
Niewodnicza fiski® suggest that, at least at 20°K, carbon is 
responsible for much of the absorption observed in paraffin. 

In order to test the absorption in C of those ‘‘slow” 
neutrons which disintegrate Li and are strongly absorbed 
by Cd we have performed the following experiment. First 
a bare Rn-Be bulb and then the same bulb in a 6-cm radius 
paraffin sphere were surrounded by carbon of density 
0.86 g/cm? in cylinders of 11 and 15-cm radii. The numbers 
of neutrons detected per minute by a lithium-lined ion 
chamber 38 cm from the source, with and without } mm 
Cd in front of the chamber, are given in Table I. 


TABLE I. 





N /MINUTE 
DIFFERENCE 


N/MINUTE N/MINUTE 
wiTHouT Cd with Cd 
8.55 +0.33 1. 
9.12+ .57 4 


ARRANGEMENT 





Bare source 

Source in 15-cm radius car- 
bon cylinder 

Source in 6-cm radius par- 
affin sphere 

Sphere inside 11-cm radius 
C cylinder 

Sphere inside 15-cm radius 
C cylinder 


236.1 





The data given in the table indicate that if carbon ab- 
sorbs any slow neutrons this is more than compensated for 
by neutrons slowed down in the carbon. 

G. A. FINK 
J. R. DuNNING 
G. B. PEGRAM 


Pupin Physics Laboratories, 
Columbia University, 
January 19, 1936. 


1 J. R. Dunning, G. B. Pegram, G. A. Fink and D. P. Mitchell, Phys. 
Rev. 48, 265 (1935). 

2H. von Halban and P. Preiswerk, Nature 136, 951 (1935). 

3C. H. Westcott and H. Niewodniczafiski, Proc. Camb. Phil. Soc. 31, 
617 (1935). 








